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aa into the annular space around them. This slurry, under the influence — 
of below-freezing temperatures jn the surrounding ground, eventually freezes. 
‘The paper presents an analysis of the problem involved in predicting the ll 7 
‘that a slurry will take to freeze in particular conditions. The problem was 
solved by means of an electronic analog and ‘solution. 


‘The work ¢ described below ws was carried out on the electronic analog com-— 


puter of the Arctic Construction and Frost Effects Laboratory, New England ~ 
_ Division, Corps of Engineers, U. S. Army, as part of a program of investiga- — 
tions into heat flow phenomena involving freezing and thawing in soil. Since a 
— such problems are very complicated mathematically, and only a few le 
solutions have been obtained in simple cases, the use of approximate neteode 
‘a solution, , such as the computer, is ‘mandatory for practical problems. i oh 
of Problem 


Because of the difficulty of driving piles into perennially frozen 
Arctic and subarctic areas, a different eae of placing them is a 
Note: Discussion open until January 1, 1959. To chet the closing date one month, | 
written request must be filed with the Executive Secretary, ASCE. Paper 2134 . 
part of the copyrighted Journal of the Soil Mechanics and Foundations Division, — 
_ Proceedings of the American Society of Civil Engineers, Vol. 85, No. SM 4, August, 
1 Formerly Soils Engr., U. S. Army a of Engrs., New England Div Bere 
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Arctic construction, piles are frequently placed in drilled holes in 
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used. In this hole is excavated. in thes er of the 
hole being only a few inches larger than that of the piles; then the pile is in- 7 


serted in the hole, _ and an unfrozen slurry of sand and water is placed around ~ 
_ the pile. _ When this slurry freezes, the pile will be Grmiy held in oe ag 5 


"struction ‘method appear in various ‘reports. of the . Arctic Construction and 
‘—_ If the undisturbed temperature of the surrounding soil of the pile is suf- 
ficiently far below freezing, the slurry will freeze naturally in a few hours. 
_ However, if the soil temperature is close to (but below) freezing, it may be — 
- necessary to install artificial refrigeration around the pile in order that 
: freezing of the : slurry can take place ina reasonable time. ‘ In this instance, 
= of course, the refrigeration piping must be —_ in place, and the cost of the 
“pile installation is considerably increased. 
it is desirable to be able to predict approximately the time that a given» 
slurry in a given ambient ground temperature will take to freeze, it was de- _ i 
cided to carry out a series of solutions to the problem on the electronic analog 
ae computer at the Arctic Construction and Frost Effects Laboratory. . This re- - 
‘ port describes the assumptions and approximations made in order to obtain 


the solutions, and the results of the investigation. 


pening on the surface conditions and on the thermal properties of the soil. ao 
Ih the summer, when construction usually takes place, soil temperatures in 
Bests will increase from ‘near the annual mean (below freezing) at 
= of from 20 to 30 feet, to temperatures generally above freezing at the 
_ surface. When the hole for ‘the pile is bored, the natural thermal regime in 
the ground is disturbed and some warming of the soil around the hole is ery Wy. 
to take place. The warming is largely due to the introduction of air by the eu 
drilling equipment, but this effect is probably small, since the time between : 
™ drilling the hole and placing the pile and slurry is usually | short. eee, en 
__ Sometimes the drilling of the hole is facilitated by the use of steam to thaw - 
= the frozen ground, and, in such circumstances, the soil temperatures will be 
considerably modified ‘before the slurry is placed. This procedure : is not 
usually recommended in locations where the mean annual temperature is close. Ame 
= to 32°F., unless artificial refrigeration is to be used to freeze the —— : 
since, without this aid, the slurry may | take ‘several months to freeze. . No ie 
‘records of the use of steam-thawing in areas of low mean annual tempera- my 
tures are available. In many instances, most of the temperature disturbance 
"ss is due to the sudden placing of the ‘slurry, at a temperature of a few degrees ee 
3 freezing, in contact with the soil around the drill-hole. = 
q As the slurry is all at the same temperature initially, and the soil tem- 
. peviinds varies with depth, the problem to be solved is a three-dimensional 
one, involving both radial and vertical heat flow. However, it is likely that 7 


since the slurry temperature will generally drop very quickly to the — 
point at all depths in the frozen soil, and thus little vertical heat flow will — 
occur in it. Although vertical heat transfer will have some effect on — 
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by the temperature of the ground at that depth, esse 
The problem was therefore resolved into one involving one- dimensional ay 
radial flow in a sector of a circle containing a apile at the center, the slurry is 
_ next to it, and the natural ground beyond the slurry, as shown in Fig. 1. ‘Then, 4 
in effect, the natural homogeneous ground in this simplification is assumed 
to be initially all at one temperature below freezing, and its inner boundary i is 7 
suddenly placed in contact with the slurry which is slightly above freezing. _ 
‘The fin final temperature of the pile slurry and ee ground will be the same —y 
equal to the initial ground temperature. Wine 
_ The thermal conductivities and of slurry over a range of 
eal contents are not far different : from those of various natural soils, and 
it was: found by trial that the solution was not. significantly affected by ass' 
ing that the slurry conductivity and volumetric heat were the same as the | 
- values in the surrounding soil. In preliminary tests of the problem, itwas 
"discovered that the effect of the thermal properties « of a wood or concrete pile 
= the solution was negligible, and, accordingly, the pile was considered to be 
s a perfect insulator. - was also found t that t the effect of the presence of inl ; 


3 shames ata a particular ar depth w: will take to freeze is influenced predominantly 


the pile during the time that the slurry w was } freezing for for all the ambient count 7 
_ The method adopted in the simulation of the problem is the now well-known © 


os use of “lumped” parameters. ' The field of the problem is divided up into _ 


convenient - number of lumps, and the thermal properties « of resistance and - 
capacitance and latent heat for each lump are simulated on the computer. It 
has been demonstrated previously(2) that the simulation of a sufficient num-— 
_ ber of lumps can yield results very close to the correct or analytical answer 
_ to the problem, when one exists. The lumped problem is shown in Fig. 1. _ 
+ Several other assumptions are implicit in this method of solving the prob- 
lem. It is not possible, without complicating the situation to an undesirable 
_ degree, to take into account the gradual development of ice in the slurry, in 
Bi layers next to the wall of the hole. It is assumed, therefore, that the slurry 
‘cools to 32°F. ina negligible time, and that heat is abstracted thereafter from 
“the slurry mass until, at an instant, the slurry freezes homogeneously when 
all its latent heat of freezing has been removed. No thawing in| the natural — 
7 soil next to the slurry is presumed to take place. Soil moisture is assumed — 


Pe... the basis these approximations, the problem was Set up solved 


apan 

2 | give the approximate time that a slurry will take to freeze ina given ambient 
. temperature. . An explanation of the derivation of the dimensionless peanetee 

isgiveninan appendix, 
ff _ In order to use Figure 2, it is necessary to know the density and a 
pe of the material at different depths in the soil profile at the site, ao 


= thermal properties can then be estimated. With a knowledge of seed voll 
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“FREEZING OF SLURRY a 
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Where ‘volumetric heat of 


MENSIONLESS 


= thermal conductivity 
natural soil, BTU ‘ 
radius of pile, inches x 


radius of hole, inches 


ol 


weslurry water content %o 
= Slurry dry density, | 
A@= difference between natural 
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time to freeze slurry, he. hr. aie 7 
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4 & culate a value on the y-axis. Entering the curve with this value gives eet 
_ dimensionless number on the bottom scale from which the slurry freezing time 
i ; at the depth considered can be computed, again using the soil properties and © 

pile and hole diameters atthisdepth, 


: hole is then backfilled with slurry. ‘The curves will give an indication of when 
this slurry will freeze, if an effectively zero inner radius is assumed. ete | 
AS an example of the application of the curve, Figure 3 has been prepared 4 

_ using Figure 2, and shows freezing times for a slurry at three different water 4 
contents, around a common size of pile, ina soil with the given thermal _ \ aan 
properties seein would hold for a natural soil consisting of a silty a4 

When the hole is ‘formed by steam- -thawing, it is usually full of a slurry 6 

- caused by the thawing process, and the pile is inserted into the slurry- -filled | @ 

. hole. - In such h circumstances, t the diameter of f the hole hole will vary greatly with f 
depth and cannot generally be ‘measured, except: very y roughly. In addition, the — 

_ thermal regime of the surrounding ground is modified very considerably by 

the. elevated temperatures attained by the steam and water in the hole. Use of — 
the; accompanying ‘figures is therefore not recommended for instances in which | 

_ steam jets are used in the excavation of pileholes, es 

: _ Unfortunately, 1 not enough reliable information has been obtained from ac- - 

. cal check on the curves. However, in one test at Kotzebue (Alaska) Air oon 

“h = in October 1955, ‘it was observed that the slurry at a depth of 15 feet 
froze in about 15 hours. Since the mean annual temperature at Kotzebue is at 

4 a about 20°F., it is likely that the soil temperature at this depth is from about — 


23°F. to 25°F. at this time of year. With the information supplied that the 


used, for a water content of 20 percent in the slurry, the curve supplies a _ 4 
time of freezing for this example of from lf 16 to 20 heute, which is in reasona-— 


ee The results have been checked with a numerical ‘solution and can be con-— Lh 


i soil properties and hole and pile dimensions are such that Figure 3 may be 


‘The 2 assistance of E. F. eames ‘Technical Aid, in the ‘operation of of the = 


i In order to establish most conveniently the connection between the | electri- 


cal — and = sedis problem, each | system was reduced to dimensionle 
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4 
will be of value in the case when r; = 0. Sometimes a hole is drilledin 
fav tho of incorting 2 string of thormocounlos and the | 
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: lumped parameter system, with the same assumptions. However, in any 7" 
3 practical situation, it is unlikely that soil properties, temperatures and the — ‘ 
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a . The electrical terms are of no interest to the present discussion | 
except that they permit a solution to be plotted in terms of dimensionless co- 
ordinates indicating temperature difference and time. Then the scaling of the 
thermal problem resolves itself into the development of the physical charac- 1 
teristics of ' the system into two dimensionless groups of terms; one repre- _ 


senting a temperature, theotheratime. bit | 
Since the electrical solution holds for the particular ‘distribution simulated 
as shown in Figure 1, ‘itis ) necessary to use the properties of these lumps in 1 
_ In problems involving latent heat, it is possible to establish a charact stic 
temperature ba based on the e ratio \ of | the total latent b heat of a representative a 
- lump to its total heat ‘capacitance. In this case, the only element assumed to — 
possess latent heat is the lump containing the slurry, lump ! in Figure 1. = 


where isa of lump 1,°F 
_L is the latent heat of the slurry annulus, BTU — 


. 


w the of the slurry, percent 
ae vai is the dry uni unit weight of the slurry, pe oo » 
is the ra radius of the pile, inches 


is the radius of the hole, inches 


iii capacitance of lump 1 is s obtained Vg einigapiag the volume of the I= 
element by the volumetric specific heat of the material, with the assumption — 
that the specific heats of soil and slurry are not much different, which is il 
- true for all png purposes. = also neglects the specific heat of a 


of the soil, BTU/ft?°F 


j 


We. 
| 
4 
4 
« 
Assuming the latent heat of water to be }/Ib, equation 2 follows: 
4 
— a 4 
— 
_ 
where C is the volumetric specific heat 
ii 4 By making the assumption that the slurry is initially unfrozen and at 32°F, __ 7 
 adimensionless temperature parameter is given by F = where is 4 


OF SLURRY | 


the iia difference between 32°F and the undisturbed temperature 

the surrounding ground. Differing values of soil properties, the conse 
of the system and the ‘surrounding ground temperature then give rise to a 
range of numbers for the dimensionless temperature characteristic. 


is plotted as the vertical scale of Figure 3. 

‘For the horizontal axis of Figure 2 a time characteristic « of the t thermal 


time characteristic of a system can be a repre- 
a - sentative capacitance of the system or a part of the system, by a representa- 
tive resistance. Ih ‘electrical apparatus, electrical capacitance and resistance 
- are used; in thermal systems, thermal capacitance and resistance. When one 
system is used as an analogy to another, time characteristics must be ob- | 


tained by the use of capacitances and resistances in corresponding parts of ad 


where T is the time characteristic the th thermal system, 


R is the thermal resistance between the two chosen lumps 


and 2 in in Fig. 1) °F hr/BTU ch 


is the thermal capacitance of a chosen lump (here, 1) BTU/*F 


. ia The time characteristic in the present electrical model was based on the 
 capecitance of lump 1 and the resistance between the centres of lumps 1 and ii 
. Consequently, the corresponding thermal properties must be used to develop: > 
- _ the thermal time characteristic. It is of course possible to use the product — 
of the capacitance of any lump and resistance of any path, provided, as stated 
« _ above, that the corresponding lump ar and path is utilized in both nature andthe — 
In the thermal prototype equation 3 gives the capacitance of lump 1. ‘The >. 
resistance of a path is directly proportional to the cross-sectional area and <4 | 
conductivity of the path. In problems of radial symmetry, the mean cross- 
- sectional area of a path is obtained as a logarithmic mean of the two bounding 
circumferential areas, but to accuracies adequate for the present solution, it 4 
can be given as an arithmetic average of the end areas. 


is the thermal conductivity the soil, BTUft/ft2hr°F 


(5)a hours” 
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Values of Ty also depend on the soil and the dimensions 


(6). a, di 


aa incorporated into numbers on the | general solution which cul 2; but it 
.~ felt that a clearer understanding of the problem would be obtained by — ran 
Ka _ retaining them in the parameters. ' This has the additional advantage of ‘mak- — 


1. LINELL, K. A., “Interim Report on | Load aan - Piles in Permafrost.” ee 
presented at 6th Alaskan Science Conference, June Alaska 
Division of A.A.A.S., Fairbanks, Alaska. ne 
a SCOTT, R. F., “An Hydraulic Analog Computer for Studying aise 
Problems in Soil. vu, » -72, June 1957. 
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~ COMPRESSIBILITY AS THE BASIS FOR 


a 
The canes and practicability of rupture theory as t the chief basis for bearing 
:> = deter mination is questioned. . As an alternative it is proposed that con- 
- tact pressures and footing sizes be selected so as to equalize settlement due 


2 to soil compression. use in applications are pro- 


Spread foundations are intended to distribute concentrated wall or column 
loads so that settlement from any cause is limited to some specified minimum 

value. This is accomplished in practice by proportioning the foundation ele- on. 
_ ment si so that the contact pressure does not exceed what is termed the allowa- a 
_ ble bearing value of the soil. Current methods for determining allowable 
bearing values differ widely in nature from the -crudest, empirical 


"signs ranging from the overconservative to the inadequate. Present-day i 
"analytical procedures require special programs of | subsurface investigation, 
_ laboratory testing and engineering Studies which are impractical in routine 4 


= of minimizing differential settlement. Thus, it is believed that 


there are grounds for a critical review of the subject : and for presenting sug- 


a gestions for improvement of present techniques. 
- _Load-settlement relations for a spread foundation are represented in gen- oe 
eralized form in Fig. ‘1(a). Under relatively low values of contact p pressure, . 4 
in the range from 0 to point a, it is seen that settlement is roughly 
Discussion o} open until January 1, 1959. To extend the closing date ene a 
-_- written request must be filed with the Executive Secretary, ASCE. Paper a is — 
a a of the copyrighted Journal of the Soil Mechanics and Foundations Division, cia 
i ‘Proceedings of the American Society of Civil Engineers, Vol. 85, ™. SM 4, , August, 
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"proportional to loading. In this range, it is considered that 
is due chiefly to one dimensional soil compression. At higher values of load- 
ing, a point is reached such as at b, at which the soil is ruptured* and gross a 
‘ settlement occurs o a result of lateral displacement of the soil as illus- A ‘ 
trated in Fig. 1(b). Thus, both soil compressibility and shearing strength — 
require consideration in determining allowable bearing value. 
_ Many present-day analytical procedures for determination of soil bearing 2 
value require evaluation of the shearing strength and ultimate bearing value _ 
of the supporting material as an initial step. The allowable bearing value or 
limiting contact pressure for use in design is then frequently determined as - 
an arbitrary fraction of the ultimate value. This procedure in itself involves — 
no analysis of soil compression under the design loading. An analysis be a. : 
| settlement due to soil compression, if undertaken at all, is often regarded as 
ql : a secondary rather than primary operation and:one which is of interest chief- 


ly with clays. Asa result, there has been a growing tendency to. . consider that 
allowable soil bearing value is related principally to shearing strength and et 
that factors which affect strength, affect bearing value in like degree. 

com  -‘To justify the above concept, it would be necessary to show that there | isa 

consistent relationship between the ultimate bearing value and the loading a % 
produces no more than a specified amount of settlement. difficult 
to demonstrate that such a relationship exists. Certain soils, uniform sand, “* 

_ for example, are extremely incomproguibia, yet relatively weak in shear sik 
friction angle) while with others, such as partially saturated, well graded a 
cohesionless or mixed soils, the opposite may be the case. Beside soil — 

_ characteristics, such factors as footing size and depth below the ground s sur- 

_ face and the extent and degree of surcharge, affect ultimate and allowable ea 

i bearing values in ‘differing degree. . Asa result, if foundation design is based - 

_ on providing a constant factor of safety against soil rupture, it is almost —- ; 

that under the design loading, adjacent footings will settle differentially. 
For this and other reasons, ‘it appears that soil shearing strength alone is not 

satisfactory index of allowable bearing capacity, 
_ Assuming that at least a minimum safety factor against rupture is pro- a 

_ vided in all cases, and that this can be accomplished with little more than 
perfunctory consideration, it is believed that selection of allowable bearing eo 
_ values should be based primarily on considerations of soil compressibility i 

as affected by soil and foundation characteristics. Should this belief gain suf- 

me ficient support to justify its adoption generally, there would be a rather far- vi 
reaching change in present thinking and procedures. There would be a angel 
- ing of interest in the manifold attempts now being made to correlate bearing — 2 . 
f value with shearing strength and consequently some de-emphasis on methods — _ 
i for measuring strength both in the field and in the laboratory. There would, — 
a - of course, be a corresponding increase . of interest in the development of pro- 

a i cedures for determining the field compression characteristics of natural soil 
a In view of the above considerations, an examination has been made of the _ a 
> - Possibility of developing sound, yet practical methods for determining allowa-— 


purpose, it has been found advantageous to modify some of the rela- 
tionships between stress and soil compression and to originate new analytical i 


The loading intensity at the of soil rupture is known as the — 
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"procedures. account of these 


 thereo in the followin Giecunsion. 
Relations Contact Pressure and 
apression of Layers of Finite Thickness 
Soil compressibility is conventionally expressed in terms of the in 
void ratio Ae produced | d by a given change in loading. _ When compressibility _ 
data are presented in semi- logarithmic form as shown in Fig. 2(a), there are 
a number of situations in which the a diagram is approximately 
linear « at least over a limited Tange 0 of loading. The » Slope* of straight li line al 


vi 


‘py = initial vertical sevens which an element of soil at given 


"has been consolidated prior to spplication of a boundary loading ~ 
creates the stress increment, Ap. 


In soil and its s role in settlement of structures, 
 engncere have devoted primary consideration to one-dimensional compres- — 


initial thickness of compressible material 


 *The le Slope is negative according to: standard conventions but ti this is usually 
a a disregarded since it is only the numerical value of the index which is of _ 
practical interest in engineering applications, = 


“ae 
“This is justified by the assumption that when contact pressures on aea- 
tions have been appropriately limited, stresses are relatively 
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‘Equation (3) indicates that the change i in thickness of a soil element or layer . 
due to one-dimensional, vertical compression is a function of the ratio of the a 
stress increment to the initial stress on the element and that the ain. 


factor is the Tre a term known as the compression ratio 


which | involves both the e compressibility and the initial density | of the ‘soil 
| = Equation (3) is in a form which is suitable for calculating the change in 

- thickness of a soil layer due to a specific change in stress. When it is . 
= sired to calculate the extent to which the initial vertical stress in a soil inter-_ 

val may be changed without producing more than a specific amount of com- — 
7 _ pression, it is desirable to ‘solve equation (3) for Ap. ‘The solution may be 


written, 


After substitution of the above “equation (4) fi for Ap ) becomes, 


sion ‘ratio, is to some extent an index of soil bearing capacity and it is ac- me 
= cordingly ‘designated, bearing capacity index.* The order of magnitude _ 
- index values for various classes of soils and the extent to which these values 
are affected the in- -place density or of the s are in 


Equations (3). and (7) a are applicable when the soil interval has 
; relatively small, finite thickness H, throughout which the void ratio and © 


aa initial stress c conditions are sensibly constant and when the stress increment A 


produced bya given loading does not vary -y greatly with | depth within the soil 
_ interval. _ Such conditions are occasionally found, notably in a confined, — 7 


” may be be noted that this isa } dimensionless term. 


uations may be combined to obtain the familiar ex- | = 
4 < 
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consolidation test ina relatively of 
- material in a natural soil formation. However, perhaps more often than not, — 
the practical problem is to determine the contact pressure which may be ap-- B 
plied at the boundary or surface of a more or less uniform soil formation of 
4 substantial depth without causing more than a specified settlement. For _ 
"conditions, it is necessary to determine the depth within which significant — 
- compression will occur and within this depth, to evaluate soil a 
- and establish the variation of initial _— stress and the me stress increment due 
"the thickness H of the compressible material, it will be assumed that the ~ 
terval \ within which significant changes in void ratio due to lo boundary loading | : 
will occur is that within which the value of anlge 9 increment Ap is sig- a 


_ The initial stress in a soil mass is usually stress due to the body force 


alone. In unstratified soil, the body as Shown in 4(a) varies 
asa linear function of depth, o 


in which, 


Be Boundary load Sicha produces stresses which increase the body stress at all 
points within the depth of significant stress. ‘The vertical component ofthe 

_ stress increment with which we are chiefly concerned, varies among other 
things with depth, with radial distance from the center of the loaded area, — q 
with the breadth of the area over which | the loading i is applied, and with 
“magnitude and distribution of the contact pressure. For this discussion, it ae 
is considered adequate to evaluate only the average value of the stress incre- 


ment at various levels directly beneath the loaded area and for or this purpose ai] 


‘modification of the 60° -approximation(1) is used in establishing the distribu- 
Ma tion of stress due to a boundary loading of limited lateral extent such asa 
footing. This approximation can expressed i in terms, 


Ap = average value of stress increment at depth h over an area 

= al _ defined by planes at 63 - 1/2° with the horizontal descending or 2 
ree the edges of the area over which the loading 
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he 


op c 2 - average contact pressure at boundary. 
representation of the variation with depth of the stress incre- 


ment due to a uniform boundary loading over an area of limited lateral extent 7 
is also given in Fig. 4(a). By substituting equations (9) and (10) in equation 8), 


AU. 
__ Note that for given values of B and y 


* as a result of compression of the soil throughout the full depth of significant és 
- stress, ‘The void ratio and compression index (not compressibility) of the a 
soil within this depth may reasonably be assumed approximately constant in 

? many instances, but the ratio of the stress increment to the body s stress ob- 
viously varies considerably. As a first approximation, it will be considered bl 
that the change in thickness of the entire soil interval having a thickness equal 
5 to the depth of significant stress is a function of the change in stress which 


occurs at one-third the depth of mesiiseae stress. At one-third the depth, — 
“hy, , the initial sti 


for loading applied by a at the surface, the average stress 
increment at the same depth is, 


By substituting cnuiiiein (12) and (13). in equation (7), an expression may y be 


‘obtained f for the particular value of contact pressure p'. which will not cause 
— than a specified amount of settlement 8, providing that one 


loading and developed chiefly | to give an of the type 
expression 1 required for the purpose under discussion. , Structural enietions 


are almost constructed at some depth. Consequently in normal 


— which boundary soil 
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ia tion 
4 eler 
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i ce Settlement or deflection of the boundary under moderate loading will occur the 
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due to structural backfilling is applied. These are factors which may 
e nificantly affect settlement under moderate loading and which, therefore, de-— 
serve consideration. However, the effects of excavation and footing construc - 
" tion at depth are somewhat difficult to generalize. . The manner and degree of Ww 
= stress reduction, for example, depends on the depth and lateral extent of the _ - 
excavation. | stress increase is affected by the position of the foundation 
element within | the excavation area and by the surcharge or structural | back- 
«fill, if any. Analysis of the effect of excavation must, therefore, be made with > 
"reference to a specific set of conditions. The conditions which will be con- 
ne first a are illustrated in Fig. 4(b). _ Essentials are that the excavation | ¥ 
is of uniform depth D and that it is s of considerable lateral extent in compari- 
son with this depth. “It is further assumed that the foundation element is to be > 
~ located at or near the center of the excavation and that there is no backfill. — ob Me 
_ For the given conditions, it is convenient to measure depth h from the bot- 
tom of the excavation. The equation for initial body stress in the soil beneath | 
the floor of the excavation in this case ‘would | therefore be written, pe 


the assumed conditions, the stress reduction due to may 
4 considered approximately constant with depth* within the depth of significant 
stress. Thus, after excavation, the body stress b beneath the of the 


building area for a considerable , would be 


The distribution of stress after loading has been applied (also il- 
lustrated in Fig. 4(b), may be established by adding the stress increment due 


Spy 
or change in thickness of soil under increased 
_ ‘vertical loading is related to the change in the initiai value of the void atte, a 
holds only when the excavation is of considerable lateral extent 
pared with its depth, as originally postulated. It would not apply for ex- Brit 


toa for an individual wall or r column 


. soil is removed and then an increase in stress as the foundation and loadin ¥ ~~ 
@), 
— 
a: 
ur 
ual 4 
| 
(13) | 
7 
(14) 
aA 
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as previously s stated. When ideas is first reduced and then subsequently re- 


stored, void ratio as shown in Fig. 2(b), is not changed appreciably. . Thus, — 
so far as settlement is concerned, it is only the net change in stress or dif- 


ference between the initial and final stress which is of practical interest in ond 
- The net stress increment at any _" beneath the center of the be 


awe 
or in tis case, 

“The « depth of significant stress for this case will be taken as the ¢ depth —_ 7 

_ the floor of the excavation to the point at which the net stress increment is. 


— — 


_ Equations (23) and (24) may now in equation (7) to obtain 
_ expression for the particular value of the contact pressure p" Pc which can be pt 


applied causing more than 3 a settlement Ss, viz, 


= 


nwt will be sinh that if the value D = 0 is substituted in equations (22) and (25) 


"equations (11) and (14) which were ‘developed for the surface footing are ob- 


It is now desired to develop basic relationships for one n more typical ™ 
-—soenaion condition. This condition is that of a surcharged footing. A sur- _ 


_ charged is one which is constructed excavation of limited 
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‘methods similar to used previously, the following equations may be 

_ As in the previous case, it is eomenntant to express initial stress in terms 
of { footing depth and depth beneath the 


"Excavation reduces the initial stress as before. . Itis is difficult to wr wie an 
expression for the magnitude and variation of the stress reduction unless ‘the a, 
_ exact dimensions of the excavation are known. However, it may be said that " 
when the excavation is of limited extent, the stress reduction is significantly 
less than in the previous case as shown by the qualitative indication of the oe. 


variation of stress p, after excayation | (line in Fig. A(c). An 


- for stress po after loading is , applied by: ‘nevertheless be written i in the oe, 
il net stress increment in this } case, is a function of the net contact pres- u 
sure. When the difference between unit weight of backfill and unit weight of - . 
“concrete is small, the net contact pressure may be expressed simply as 
i 2 D, it being ‘understood that Pe reflects column loading plus weight of _ 


foundation element plus ba backfill as is ‘customary Thus 


: footing which has been completely backfilled is shown in Fig. oleh. =” a 


ote the between equations (27) d (24). For this case 
sion for the depth of significant stress would be obtained by eee er 


equations (15) and (27) in equation (8). 


or to c obtain a form sutabie for with (22), 
_ As before, the initial stress at one-third the pee Dg, has the value, 
Int this « case the n net stress at one third the depth 
 **Figs. ¥Figs. 4(a), 40b) 4(b), and 4(c) are all drawn to the same scale to. permit compari- 
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value which is seen to differ from that given (24) for the footing 


constructed without surcharge, as is to be expected. The expression for the — 


5 particular value P'c of the contact pressure which will cause no more than a . 
7 ‘specified settlement for this case is obtained by su meeeiatitied ‘equations (23) 


| 
— (p- yD) = +30) 


_- While there are many other foundation conditions of 7 interest, the 

two described above, namely foundations with and without surcharge plus the 
special case of the surface foundation will suffice for purposes of this dis- | a 
cussion. - Methods for obtaining solutions to the equations for depth of signifi- — 
cant stress and limiting contact pressure will now be described. 


_ As previously stated, the depth of significant stress hg = for given founda- 


tion conditions is a function of the contact pressure. pres- 
sure | which will cause a ‘specific amount of settlement the depth of significan 
stress has the particular value, which appears in equations for — 
CT contact pressure. Substituting this value H in the general equations for depth 
of significant stress, it is possible to write simultaneous equations from 
a. _ which the value of H may be determined. Those for the case of the footi 
the center of a extensive are below. 
From equation 
> 


2 
and from | equation 25, 


‘*Equations in th *Equations in the same form be obtained for the surcharged footing. 
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SOIL 1 BEARING 
When H has been determined, can be obtained f for a aterm defined 


ently, 


ur poses of generalization, it i is now desirable to — the oe. 


_ The term K in ‘equation (37) is a “ silica of allowable contact 
eet which is referred to hereinafter as the allowable pressure index. * oe 


be noted that in the between and d the ‘allowable contact pressure 
a . given by « equation in the unit weight of soil Y ’ is an independent a ? 


Although it has been stated as a _es proposition that depth of of signifi- be 
- cast stress beneath a footing of given size varies s with contact pressure, itis 
now apparent that when contact pressure is to be limited so as to cause only 
: a given settlement, the depth of significant stress depends only on soil com- 
pressibility and the tolerable settlement. Thus, the depth of significant — 


- does not appear explicitly in Fig. 5, and os not required 3 in determining : 


. the depth of significant stress rr its variation ‘with various foundation condi- 
tions is of considerable practical interest.** Ih this connection, the following . 


term has the of length, for reason, when is 
va pounds per cubic foot as is customary, K d the dimensions H, 


"Depth of significant stress is ‘required in planning | a su 


depth or a little beyond, It is generally justifiable to conclude that a weak — 
layer will have little or no effect if it lies beneath the depth of significant — 
stress. This depth is also a factor in the of | stress 
beneath adjacent footings may 
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s shown that for footings at a given depth, , the depth of significant stress hol 
= appreciably with soil compressibility and with the tolerable settle- ag 
ment allowance and in a somewhat lesser degree with footing width.* This a 
f is illustrated in Fig. 6. - ‘It can also be shown that in soil of a given compres- cy 
_ sibility the depth of significant stress, measured from the bottom of the foot- 
- ing, decreases with the depth of the footing below the ground surface. How- 
_ ever, there is some evidence that the total depth from the | ground surface to — 
the point at which the stress increment is no longer significant is approxi- 
_ mately a constant for a footing of given size and loading Vine {aay 
7 ‘It may also b be stated as a general proposition that under the definition A 
embodied in equation (8) the depth of significant stress for a § given loading is a 
: _ inversely proportional to unit soil weight, t thus being substantially greater in 
‘submerged than in partially saturated soil. However, when the contact pres-_ 
sure is to be limited so that only a given settlement occurs, it now appears — 1 
- that depth of significant stress is independent of soil weight. For this eed Ase 
_ the position of the ground water table need not be known in evaluating the -_ 
= depth of significant stress for the conditions under discussion whereas it is il 
= factor in determining the allowable contact pressure. = > 
q re - Implications o of the foregoing equations and diagrams as to allowable con-— 
t 


act pressures are discussed below. For a specified amount of settlement, it 7 

is evident as shown in Fig. 7(a), that for footings at a given depth, the contact 
pressure should vary} inversely with footing | size, i.e. lower contact pressures — : 
should be used in proportioning the larger footings. ‘The converse of this 

= ‘statement is also illustrated, namely that if the same contact pressure is al 

lowed with footings of different size, the larger ones will settle m¢ more than the : 7 


shown that in certain cases, chiefly with incompressible soils, consideration 

_ of size effects is somewhat academic. 

| as _ Another factor which affects the contact pressure which may be allowed, ; 
a is the depth of a footing below the original ground surface. As shown —. 7 
a Fig. 7(b), for footings e a given size, the greater the depth below the — 


thos In fact, it will later 


“depth effect” Varies in importance both with footing size and with depth 

- itself. This variation is such that there might be a considerable difference in 
the allowable contact pressures for a small and a large footing if if the smaller 

: is at appreciable depth and the larger at shallow depth (a very common situa- 
tion, incidentally) whereas approximately the same contact pressure might be 
allowed for both footings if their relative depths were reversed. 

Adjustment of contact pressures for depth effect is rarely y attempted 
practice. The 1944 Boston Building Code is an exception in providing for — 

a arbitrary increase of 2-1/2%per foot of depth in the contact pressures ~~. 
lowed on granular soils. Since the equations developed herein are entirely 


’ generat as to soil type, it appears that this or a similar increase might be 
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§ varies as a linear function 0 and for given C and 5S values, as a linear 
function of B, is of great assistance in making trial solutions of equations 
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= simply by comparing equations ee CaS) s and ee). This is that for a given 
_— the | contact pressure for a footing of given | size e and ‘depth i in an 7 


footing. This conclusion as well as those preceding it are, of course, valid | 
_ only for pressures of such magnitude that settlement is due chiefly to one-— 
dimensional soil compression, but as shown below, ‘itis | this aaa of pres-— 
sures which is usually of greatest practical interest. 
i The contact pressure which may be allowed on any footing, varies con- — i" 
siderably with selected values of tolerable settlement. A difference of <7 
more than 1/4 inch in assumptions as to tolerable settlement will more than y j 
double the indicated allowable pressure values in many cases. This can be ce 
seen by reference to Fig. 5. - Since the ; relationships which have thus far been | 
. developed are so sensitive in this respect, assumptions regarding tolerable _ 
_ settlement become one of the chief considerations in practical applications, : as 


_ The position of the ground water table has an important bearing 0 on unit soil 
weight. It is also the case that formations which have always been submerged by 
are in general more compressible than those above the water table. Unit soil 

- weight does not vary widely in partially saturated formations. However, the 
difference between the unit weight of soil above and below the water table is 
- appreciable, the former being about twice the latter. In applying equation (37), 

. it would often be justifiable to assume a value of 120 pounds per cubic foot, _ 

_ for example, , When the ground water table is below the depth of significant a 


_ stress. $ ‘However, with the ground water at or close to. footing grade, a value 


i. of about 60 to 65 pounds per cubic foot would be appropriate. Thus, it is evi- 
dent that for a given settlement, the allowable contact pressure in the latter : 


codes require consideration of water elevation in allowa- 


of Contact Pressure for 
Security Against Soil Rupture 
we 


_ The above equations and a on based thereon are valid only for con- 
‘ditions under which the applied pressures act primarily to produce one 2 ~~ 
: dimensional compression. Thus, they could be applied to soil which is ‘rigidly 
confined laterally as in a compression testing device or with unconfined soil, 
; they could be used for a limited range of pressures. For certain soils, con-_ 
siderations of tolerable settlement alone will lead to the limitation of contact — 
pressures necessary to comply with the basic assumption. These would be 
the more compressible soils which under moderate loading would compress 
_ significantly. _An unconfined but highly incompressible soil, however, would ~ 
fail in | shear before to compression could o¢ occur. 
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ARING 
‘Thus, for soils of the latter type, must be abandoned as a basis for 
an limitation and the provision of at least a minimum factor of safety ~@ 
against soil rupture adopted 
As previously explained, shear failure or rupture lateral displacement 
of the soil beneath a spread foundation occurs when the contact pressure yw 
ik _ reaches what is known as the ultimate bearing value of the soil. ——— _ 
- against rupture is therefore obtained by estimating the ultimate bearing 
capacity of a given soil and then limiting contact pressures to some arbitrary an 
ring — 
is application ofa a semi- empirical equation proposed for this | purpose by _ aa 


=e . Peck. (2) This equation may be written in the following form. a 
Sugcharge e 


? 


contribution to bearing value of shearing strength due to cohesion, the second, . 

_ strength due to solid friction and the third, the: increase in strength due to re 
_ surcharge loading. The terms Cy and Co are constants dependent upon ‘type if 
_of footing. The N terms are | factors or coefficients which are represented | as 
- being dependent only on values of %, the angle of internal friction. For the _ 
be condition % = 0, these factors have values respectively of 5.77, 0 and 1.0. 
_ Other N values are. obtainable from m diagrams provided for such purpose. ag 

‘Unit cohesion is represented in the « equation by the term > c, footing size or 


breadth | h by B, and y 2 are respectively unit weight of soil below and 


above. destin grade a and is s depth of surcharge loading. 


ing capacity of a cohesive soil which and hence N,, = 0) is dependent 
only on unit cohesion c, and is independent of footing width B, while for mes, 


_ hesionless soil it is indicated that ultimate capacity is a direct function of ee 
~ footing size. Surcharge effect for both soil types is represented as increas- 
—- ing the ultimate capacity in direct proportion to depth of structural back- = 


‘Dt, the effect being greater however for granular soils 
‘than clays because of the in the values of which would be used 


ie contact pressures are to site be restricted so as to eliminate danger of ny 
reaching the ultimate capacity, a safety factor, is introduced, 


Safety factors which have been recommended for use in this connection range 


{ from 2 to 3, a value as low as 1.5 being occasionally considered justifiable. | 


7 The contact pressure given by equation (39) is “allowable” in-so-far 2 as 


vi “with respect to settlement. It is for this reason that it it has been re 
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‘ull The somewhat cc conflicting obtained fr from. considerations of soil 
compression and rupture ‘theory respectively may be compared by reference 
~ to illustrations(3) such as Fig. 8. The curves in Fig. 8(a) relate to clay soils, 
those in Fig. 8(b) to granular soils. It will be noted that if rupture theory 
alone is considered, greater pressures (at least in cohesionless soils) would — 7 
be allowed on large footings than on small ones, whereas for | * equal settlement 
the opposite design principle should be followed. Not shown in the figure is a 
‘similar disagreement with respect to surcharge, rupture theory as expressed 
3 in equation (38) indicating that contact pressures may increase with s surcharge, 
compressibility theory indicating the reverse. — | 
| Fig. 8 helps to illustrate another point, namely that in- -so-far as as limitation 
of contact pressure to provide : security against soil rupture is required at all, 
_ it is needed only in determining the size of the smallest of a group of footings. . 
Allo other footings should then be proportioned for equal settlement due to one- 
dimensional soil compression, not shear. ‘It will be noted that this conclusion: 
is valid for both granular and cohesive soiltypes.§ $= = = © 
_ _ While the importance of considering soil rupture is not reduced thereby, 
- the above finding increases the difficulty « of justifying g elaborate or expensive - 
_ procedures for ultimate bearing value determination since this is of interest 4 
~ only in the design of one footing. — The practital di difficulties in applying equa-— 
tion (38) include the following. It is necessary among ‘other things, to have 


data. In cohesionless soils it would be very difficult in any case to carry out : 
— and testing operations for peak strength determination since peak — cA 


strength is a function of in- -place density and thus requires undisturbed ae 
samples. A further consideration is that even if ultimate bearing capacity is is 

_ determined, the need remains for obtaining data on soil compressibility and cn 
settlement. It would, therefore, be advantageous, if possible, to check on the h 4 
possibility of soil rupture by some relatively simple method and then Pin . 
directly to the problem of roportioning footings ual 


requirement in any foundation | design ers of theoretical considera- 
eo tions, is compliance with qeteune provisions of a building code. Codes es- 
"tablish what are known as “maximum allowable presumptive bearing values” 
for each class of soil. Such values would, therefore, establish a “ceiling” a 
_ the contact pressures which may be used for any footing. A comparison of _ 

presumptive bearing values from the Buffalo, New York building code and ulti- 
o bearing values computed by equation . (38), is given in Fig. 9. For co; 

_ hesionless materials, the ultimate bearing value is represented to be a func- | 
tion of footing size whereas presumptive values are not. For this and other ; 
_—-easons, a presentation of data in tabular form is convenient for these .ma- $f 


terials, whereas a graphic form is effective with clays. 


=. 


-_‘The ultimate bearing values for the granular soils were computed on the = 
. basis of assumed friction angle values of 34°, 38° , 42°, and 46° respectively 
for the loose, firm, compact, and very compact categories. In each case, a pe 
_— 7 surcharge equivalent to two feet of material with a unit weight of 120 pounds 

: — cubic foot, was assumed as the absolute minimum to be expected in prac- 


tice. ‘Ny values for loose or soft material were used for the loose category, 
‘values dense of stiff soils used for the remainder. 
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a Presumptive bearing values for granular soils are all less than the ulti- ye ulti- 
_mate bearing values except for loose, coarse or medium sand and loose, sand = 
and gravel. Since presumptive . values of this « order of magnitude for these two 
_ apparent exceptions are regularly used in practice, it may be argued that the ae 
_ ultimate bearing values are overconservative. ‘With these two possible excep- = 
tions, however, it would appear that the presumptive bearing values for 
granular soils in general, are less and in eae substantially less ssthan 

_ For clay soils, ultimate biiatie values were ‘computed on on the basis of the i 
"correlation between unit cohesion and standard penetration resistance values 
- given in Table 22 of “Soil Mechanics in Engineering Practice” by Terzaghi & J 
_ Peck. | All presumptive values given by the Buffalo code are less than these | 


On the basis of this evidence, it appears that security against soil rupture — 


. under the smaller footings in an ordinary design can be obtained simply by 


Bree the code value as the allowable contact pressure for the footing with 
the smallest total load. Footing sizes for other columns can then be deter- # 
; mined on the basis of equalizing settlement, with the result that contact pres- 
- sures for all but the smallest footing would be less than the code value. Itis — 
suggested that under these circumstances, somewhat liberal rather than 


_ tremely conservative allowances for presumptive bearing values may often a 


be justified and that the sampling, testing and engineering analysis required — 


for evaluation of ultimate e bearing capacity are often 


Determining Soil Bearing Values 


tion of charts such as Fig. 5 from which allowable pressure index values ae 
be obtained in the manner indicated on the chart. This would require evalua- 
tion of soil compressibility in terms of the bearing capacity index C, then 


‘ae for each footing width. The difficulty of this approach as ec tae 
stated, is that the results obtained are influenced to an excessive degree by 
assumptions made as to tolerable settlement. It will often be the case too | 
‘that only very approximate values of the bearing capacity index are pee. 
obtainable. In this connection, the following comments may be made. hie 

tiie The values of S which : appear in the equations presented above, represent 

“total, gross settlement. Total settlement in itself, providing it is kept within | 

_ reasonable limits, is generally of less interest to the structural engineer _ 

than « differential settlement. | ‘Thus, if contact pressures are limited so that 


P~ settlement of all foundations is the same, it makes very little difference 


©. 
-ineh, or even an inch. 


further consideration is that contact pressures ‘must be not 
reference to settlement, but also to comply with code provisions. 


M4 
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case, as the basis for proportioning the smallest of a group of footings, 
al be advisable to g a tolerable settlement 

value as well. In suct re would be adopted. 
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a in Fig. 10(a). . The next operation \ would be to determine the allowable pres- s- 
sure index for this footing by substituting the — allowable presumptive 
i -. bearing) value for the term p'. in equation (37). With the K and B values ob- 


a 4 tained in this manner and with a C value from Fig. 3 or from tests, the indi- 


_ bearing value. * * The footing size obtained in this way is represented by point ios 


cated gross settlement for the smallest footing can be determined from dia- a 
grams like Fig. 5. . The larger footings would then be designated by reference 
; to curve A, Fig. 10(a), constructed on the basis of K values for the same set-— 


Hlement. “However, if the indicated settlement appears to be excessive, a 


— and a smaller contact pressure used in designing the smallest footing. The _ 
.. 3 contact pressure and size of the smallest footing would then be as indicated by 


For ¢ convenience in footings, it is advantageous tc to prepare 
_ diagrams like Fig o showing the relation between footing width and total — 
column load rather than contact pressure. Such a diagram also m may be used 
as the basis for certain comparisons. For example, if all footings were pro- 
_---« portioned for equal contact pressures according to the prevailing custom, the — 
Pree between column load 7 and footing width would be be as represented | 


=’. 


| 


Asa an it might perhaps be suggested tl that footing 1 widths should 
vary directly with total column nn load. Curve Cw — 
The equation for curve C 


—— 


With footings designed for equal settlement, the intermediate curve A is ob- 
tained. _ Although this matter has not yet been completely explored, it ft appears: 
‘that for typical conditions, diagram A isa straight line, whereas curve B, Rau 
- representing more or less standard practice, is parabolic. - When the rela- 

tion between column load and footing width plots as a straight line, itisevi- | 

_ dently necessary to determine only two footing sizes. The size of the smallest 

a _ footing which is required in any case, , would be determined by A pce 

7 methods according to present practice. The size of the largest footing could 

then be determined by the procedures recommended above and all intermedi- 
ate footing sizes by straight line interpolation. — While the actual design pro- 
cedure would be more complicated due to the need for considering different 

4 *If and when desired, this same p procedure could be followed utilizing a limit- 

contact pressure obtained of soil | rupture in place: of 


August, 1959” SM 
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t has not been specifically mentioned above, ‘is the need, if any for special 
Prratbar for continuous footings. The ‘entire discussion ; given in this paper 
¥ relates to individual column footings, specifically square footings. ‘When a © ol 
_ loading of given intensity is applied to toa continuous” footing, the | stress incre- 
ment at a given elevation beneath is greater than would be the case with an bs 


pressure, the depth of significant stress and thickness of compressible ma- 


_ : individual footing due to stress overlap. On this account, with a given contact * 


terial is greater for the continuous than for an individual footing. For equal — 
q settlement, the contact pressure on the continuous footing must therefore, be 
og “less. An additional consideration in many cases is that the percentage of _—_ 
dead load is usually greater on continuous bearing wall foundations than on _ 
individual column footings. Thus for equal residual settlement, the contact | 
pressure due to | dead load only should be less for continuous than for indi- = 
_ vidual footings. A complete analysis of this problem has not been attempted © 
in this paper. It is simply reported that the available evidence points con- _ 
sistently to the desirability of allowing less contact pressure for continuous 2 
-- footings than for individual footings if settlement is to be equalized. There dl 
> is also evidence that the ultimate bearing capacity of soil beneath a ‘continu-— a 
ous footing is less than of soil beneath an individual footing. On the basis of fe 
i _ experience alone, it appears that a 25% reduction of contact pressure values a 


obtained by the above procedures for will be ap- 


ot is generally agreed that the objective of soil bearing value eeiiiiaties 
= is elimination of the possibility of soil rupture, reduction of gross settlement ‘ 
to a tolerable value and elimination of differential settlement. - Current — 
analytical methods for establishing bearing value place major emphasis on 
_ the first criterion, namely elimination of the possibility of rupture. Develop- 
- ment of convenient, practical procedures for estimating settlement especially = 
in unstratified soils has to some extent been neglected. There has been a ot 
tacit assumption that with a satisfactory safety factor against rupture, set- 
tlement in many cases does not require analysis. 
a “While a analysis to insure against soil rupture may well appear to be an Ror 


_ ot: consideration and hence to deserve the attention which it has re- 


ceived, the author has" concluded that under practical conditions thereis 


‘a foundations more attention should in future be given to rportoning : 
_ settlement due to soil compression than ‘to rupture analysis. Procedures for — 
accomplishing this are described herein. application of the 
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been imagine 1 par icular, ll a reasonably Caretul site inves igation 1. 
made and if code regulations are complied with as is mandatory in many 
och cases, it is believed that the chances of soil rupture are nil whereas chances 3 
of differential settlement due to soil compression may well remain. Thus, }#§ wha 
“a the need for the development and application of rupture theory diminishes in | 8. 
osF importance whereas analysis of settlement especially for differing conditions | 
a 7 Br of footing size, depth and surcharge becomes correspondingly greater. Rup- = oan 
— 


methods i in typical ‘situations has to n conclusions 
ut limitation of contact pressure in proportioning structural foundations. "i 
When settlement is due chiefly to one dimensional soil | compression, it ap- od 
pears that the allowable contact pressure is a function of unit soil weight and 
. a term designated the allowable pressure index. _ The value of this index de- 
"pends on footing breadth , depth and surcharge, on soil compressibility and on 


things, , that at ideally, 


With water at footing grade, contact pressure be no 
Bee than half the value allowed when ground water is below the Saasentanl of 


vith footing depthh 
The total column load on surcharged footings should le 
‘similar footings without surcharge. 
it may be noted that the above conclusions are independent of soil type and y 
varyonlyindegree. 


It is further concluded that there is greater need of evaluating soil com- 
i pressibility in a site investigation than ‘Shearing strength. 3 For purposes of a 


characterizing soils with reference to a useful 
appears to be 


defined as 


oil the present time there appears to be a reasonable prospect - of correlating — 
_ this index with textural classification and in-place density, soil characteris- 


"ties which are or should be established in any case even in a routine investi-_ 


if described | herein which have at least some rational basis, may e eventually be 
= to such practical and convenient form that they can be utilized in : 
work. At present, ay methods can be used in the great 
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SOIL MECHANICS AND FOUNDATIONS DIVISION 

Sends of the American Society of Civil Engineers — | 


INVESTIGATION ¢ OF UNDERSEE PAGE— RIVER ‘LEVEES 


W. J. ‘Turnbull, 1 F, ASCE and C. IL. Mansur,2 F. ASCE 


_ This is one of three companion papers on -underseepage and is referred to 
companion paper No. 1. The second paper is entitled “Design: of Under- 
seepage Control Measures for Dams and Levees” and is referred to ascom- 
panion paper No. 2. Mea third pages is entitled red to a8 compa and ‘Maintenance 


an bas 
YNOPSIS ) 
a ‘Seepage and sand boils landward of Mississippi River levees aie: been a a 

: _ problem during major high waters. After the 1937 high water, the Mississippi 

_ River Commission initiated a general study of underseepage and various _ 

r methods of its control. Its specific purposes were to develop a better under- ar 
_ standing of the phenomena of seepage beneath levees and of factors influencing 
underseepage, to obtain information pertinent to analyses s of underseepage, to 
_ develop and evaluate control methods, and to ibs formulas and criteria for 

studies reported herein include a of past underseepage 
= exploration and geological studies of numerous sites where under- ee 

seepage was a ‘serious problem in 1937; pect of piezometers ; at ae 


relief wells, partial cutoffs, and ‘landside berms for ‘controlling underseepage; 7 


and observation and measurement of natural seepage during the 1950 high 


4 Note: Discussion open until January 1, 1960. To extend the closing date one month, of i 

written request must be filed with the Executive Secretary, ASCE. Paper 2136 AP ie 

part of the copyrighted Journal, of the Soil Mechanics and Foundations Division, 

_- Proceedings of the American Society of Civil Engineers, Vol. 85, No. SM 4, August, 


Chf., Soils Div., U. Army Engr. Waterways Experiment Station, 


be 


Engr., Heavy Construction Div., Fruin-Colnon Contracting 
“St. Louis, Mo. (Formerly Cases, Geology, Soils ane Materials Branch, 


— 
| 
a 
"4 
= 
4 
: 
a ei 
i. 
Lj 


a a. . Sand boils and subsurface piping along the , Mississippi River leve 
the result of excess hydrostatic pressure -e and seepage through | dee ‘ 
pervious strata underlying the levees. The severity of underseepage, 
both excess hydrostatic pressure e and seepage flow, is dependent upon = 
_ the head on the levee, source of seepage, perviousness of substratum, . 
and characteristics of the landside top stratum. 
‘There | is a definite correlation between surface and the 
and occurrence of underseepage and sand boils. 
& - Seepage flow and hydrostatic heads landward of a ne can be estimat- 
ed from : seepage formulas, and/or piezometric data, and a knowledge of 
_riverward and landward foundation characteristics. 
da. - Removal of the natural top blanket riverward by borrow operations has ; 
_ aggravated d the underseepage problem along Mississippi River levees. 
_ Except where clay several feet thick was left in place, the source of | 
seepage was in the riverside borrow pits. 
Underseepage can controlled by properly designed and constructed 


landside seepage berms, relief wells, and riverside blankets. re 
— The design and construction of underseepage control measures for dams 


_" levees are considered in companion papers Nos. 2 and 3, | respectively. — &s, 


“Excessive hydrostatic pressure and seepage, in the fc form of sand t boils th that 
actively pipe material, landward of levees, always pose a threat to the safety 7 
of a levee during high water, and have been known to cause some levee a 
crevasses.(10) _ Although no crevasses of Lower Mississippi River pees have — 
been positively attributed to sand boils or piping since 1913, a failure at Ain 


-Weecama, La., in 1922 is believed to have been the result of underground pip- 
ing, and subsurface piping almost caused a levee crevasse at Greenville, __ 
_ Miss., in 1929. Excessive seepage and sand boils also occurred along 
‘numerous: reaches of the Lower Mississippi River levees during the flood of 
1937. Subsequently many of these levees were enlarged and landside seepage 
_ berms and/or sublevees were constructed at known | critical seepage areas. pods 


Nt However, when these berms and sublevees were designed (1937-1940) little 7 


information was available regarding the characteristics of the foundation soils 
the relation between geological f features and underseepage, or rational methods © 
for analyzing subsurface seepage. Because of this lack, the Mississippi River § 
 Coniasinaten, in September 1940, initiated a general study of underseepage and — 
its control 1 along Lower Mississippi River levees. 
The basic purposes: of the investigation were (a) to develop a better under- 
—*" of the phenomena of seepage beneath levees and of the factors sthat 
influence underseepage, (b) to obtain information pertinent to analyses of a 
and (c) to develop and evaluate methods of 
control, and to develop and for 
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Scope « of General Study and Investigations Made 


Since i itiation of stu y, numerous investigati 


problem | of underseepage and its control have been ‘made. These studies have 
3 included a review and compilation of all underseepage reports made during and 


= s where underseepage wa: was a serious problem in 1937; installation of pie- 


_ since the 1937 high v water; 10) exploration | and geological studies of meres 
zometers at selected sites to measure substratum pressures beneath and is bal 
of levees; field pum tests t to determine the ‘permeability ofthe 
sand aquifer at certain sites; 7,13) theoretical, electrical-analogy, sand sete 


oe and prototype studies of relief wells,(9,12) partial cutoffs,(11) and landside | 


‘natural seepage : at certain locations during the 1950 high water. See 
ad The first phase of the study (1941) consisted of an investigation of sev 

sites in the ¢ Memphis ‘District, CE, where e excessive underseepage and sand sand - 
boils had occurred during the 1937 high water. The results of this study | 
Showed that the sand boils at these sites could be attributed primarily to. ex- 


_ berms for the control of underseepage; and observation and measurement tof / 
en 


7 ing landside top | stratum and the existence of a pervious substratum of sand _ 


: 7% to 150 ft thick which offered relatively free passage beneath and ccauee. 


of the levee for hydrostatic: presmane and ‘seepage from t the river ; and riverside 


ing the occurrence of ‘underseepage. ‘Accordingly, ‘Dr. H. N. Fisk 
7 — in 1941 by the MRC to make a geological study,(2,3) at several sites in the fot 
_ Memphis, Vicksburg, and New Orleans Districts where ee had been 
a major problem during the 1937 high water. 
rs _ Piezometer Sites.—The study of seven sites in the Memphis District also 
indicated the need for | more specific information and data a regarding the de- 


the effective source of seepage entry, and the relation of these factors to _ 
_underseepage and sand boils. - In order to obtain | this information, systems of 
piezometers were installed in 1942-1948 at sites along the Mississippi and | 
Red Rivers shown in Fig. 1. Fairly complete piezometer readings were ob- oh 
tained at all of the sites during a high water in 1950. (16) is 
: _ ‘The natural seepage emerging landward of the levees was also measured at 
Communes. Trotters 51, Trotters 54, Stovall, and Baton Rouge sites 


during the 1950 high water, 

Review of Underseepage : and Crevasse part of the 

sec seepage study, a compilation(10) was made of all known crevasse and under- 

bs _ ~seepage data from | the records of the Mississippi River Commission and the - 

* Memphis, Vicksburg, and New Orleans Districts. Field investigations at the — 

locations of levee crevasses known to have been caused by underseepage canny 
have been desirable. . However, the conditions that resulted in failure of the 

a levees were destroyed by the scour c: caused by the crevasse. In view of the ie 

i elapsed time, lack of precise records, and difficulties involved in acral 7 
analyses, no investigations | were made at old crevasses. 
Sand Model Studies of Relief Wells. —A number of sand models Bat also 


en constructed to study the phenomenon of underseepage and its control by means 5 
_ of relief wells. (9,12) The purpose of these model studies were to investigate _ 


f the operation of relief wells, and to measure well and seepage flows, and 


ons relating to the 
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landward substratum hydrostatic } pressures with and: without relief wells 
‘operation, for various foundations, seepage entrances, and landward top strata 
_representative of conditions commonly encountered in the Lower ba 


In the models, relief wells with proper spacing and penetration n effectively : 


F reduced excess hydrostatic pressure landward of levees underlain by a pervi- a 


spacing and penetration, uncontrolled seepage normally emerging landward of 7 


a levee (without wells) was materially reduced, although the total underseepage > 
flow was increased by about 20 to 40 per cent for a model typical of conditions © 
_ Sand and Electrical-Analogy Model Studies of Partial Cutoffs.-A study(11)_ 
was also made of the effect of partial cutoffs, installed along the riverside toe 
: of a levee, on underseepage and hydrostatic pressures beneath and landward _ 

a levee. Various foundation and seepage entrance conditions were selected 
for study as representing, at least qualitatively, certain limiting conditions _ $f 
commonly encountered in the Lower Mississippi River Valley. The methods ~ ie 
of analysis ‘used included sand and electrical models, , graphical analyses, and 

_ mathematical computations. These studies showed that partial cutoffs had __ 

_ relatively little effect on the reduction of underseepage or substratum hydro- 4 
“a Field Installation of Relief Wells.—In the summer of 1950 relief wells were = 

P installed at Trotters 54, Miss., for the purpose of making a full-scale field de i 

test of the efficacy of a ‘relief well system for controlling underseepage. This 

D well system operated very satisfactorily during the high water in 1951 and 

—1952.(13) Piezometer readings and seepage observations made during both of 

— high waters indicated that the well system reduced substratum hydro- 

_ static pressures landward of the levee to a small fraction of the head of the “an 
levee, and also intercepted a large portion of natural seepage which otherwise 
would have emerged landward of the levee. 

Field Installation of Partial Cutoff.—Another p phase of the investigation con- _ 

sisted of the development of a machine and procedure for installing anim- 
_ pervious partial cutoff 30 ft deep or more along the riverside toe of a levee. 
bas _ This project was carried out by the Memphis District, CE, during 1946-1951 e 
_ and culminated in the completion of a 40-ft cutoff along a 1400-ft reach of ‘aok 
levee at Trotters 51, Miss., after which the project was discontinued. No ; 

‘Performance data are available for the cutoffinstalled. 
ar; Seepage Berms.—The most commonly used method for eseiameies levees 

along the Lower Mississippi River against the hazards of sand boils and sub- — 

, surface erosion is the construction of seepage berms along the landside toe of 

& levees. Most of these berms were designed and constructed in 1937- 1940. 


No data are available regarding the substratum pressures that existed prior ie 


formed to determine the flow for various drawdowns in the well, head» 
if 2 through the filter and well screen, and the permeability of the pervious _ hoe 
? sand stratum.(13) Since then comprehensive pumping tests have been made on 1 


. wells installed along the levees in the St. Louis District, CE, (15) and at the 
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one for a lock and a structure be buat in conjunction with the con- 
of Old River south of Natchez, Mississippi. — 


Geological studies of several sites along the levees where underseepage oa 
= been a problem during previous high waters showed a a definite c correlation 
between the distribution of alluvial deposits s of sand, silt, , and clay with the lo- | 
cation and occurrence of underseepage and sand boils. Thus, inorderto 


; ie _ properly understand and analyze the underseepage problem, it is necessary to 


an understanding of the alluvial fill in the River Valley. 
“The Alluvial Valley of the Lower er Mississippi Riv River 


alluvial valley of the Lower Mississippi River the 


a - fluence of the Mississippi and Ohio Rivers, Cairo , l., , and extends to the Gulf - 


_ The alluvial deposits in the Lower Mississippi River ‘Valley fill a trench a 


7 > ‘ranging in depth from about 100 ft in the upper part of the valley to 400 ft near 


the Gulf. ‘The “origin « of this buried canyon is attributed to changes in sea level 
caused by the glaciers which were formed during the Pleistocene epoch. . Itis— 
estimated that when the glaciers reached their maximum extent sufficient — oa 
water was withdrawn from the ocean to! lower sea level t by about 400 a ie 
‘somewhat idealized illustration of the entrenched valley and alluvial fill is 


a ago, the sea level gradually rose to its present scr ‘causing the en- 

_trenched valley to become filled with a series of sandy gravels, sands, silts, ? 

and clays that can be grouped into two broad units: (a) a sand and gravel sub- — 

_ Stratum, : and (b) a fine-grained top stratum. . The alluvial materials are gener- 

ally underlain by relatively impervious Tertiary deposits. = | "| 
7 i: The Pervious Substratum. —During the gradual rise of sea level aenempeny~ 
ing final retreat of glacial ice, , the Mississippi River became an 


braided stream in which large quantities of gravel-bearing sands were de- | i: 


a posited. As sea level continued to rise and the deposits on the floor of the en- 


i= trenched valley continued to thicken, stream slopes were progressively re- 
3 duced and both the quantity and grain size of the materials transported by “le 


river decreased. The gravel- ‘bearing sands were succeeded by coarse sands 


of very fine sand. 7 The substratum sands are quite pervious and have a » high ter! 

_ The sandy alluvium generally ranges in thickness from 75 to 150 ft. North — 
of the Louisiana- - Arkansas boundary, medium sands are within 5 to 20 ft of rig, 
‘the ground surface, but south of this line the thickness of the overlying ma- Ei 

increases and in the vicinity ¢ of I Houma, sands are from 

oid The Top Stratum. —Some 6000 years ago, sea level essentially its 
“present | position, and the carried by the river soon became 
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BACKSWAMP ES SANDS AND GRAVELS 


LING CHANNEL 


_ Backswamp Bayou Meander 


Base of original nat _/\ pation. 


(Section at about latitude of Natchez, Mississippi.) _ 


q 


| 
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to slope filling of the entrenched 


_ valley ceased, and the former braided channel was replaced by a meandering 
7 a stream which deposited sediments consisting of point bar, channel fill, natur- Develo 
al levee, and backswamp deposits, laid down in meander belts. Whe 


va _ Point bar deposits. . Asariver meanders, deposition takes place on the . 
inside bank where low ‘sandy ridges are built up with intervening elon-— perviol 
gated depressions which usually become filled with fine-grained de- — gor the 
4 posits. Ridges and swales formed in this manner are known as point — _ gradie’ 
bars. ‘Long sandy ridges separated by /clay- and silt- filled depressions S¢epag 
more or less paralleling the margins of former river courses are also _ thereo 
prominent features of shifting river valleys. These features appear to ward ¢ 
have been formed in migrating channels rather than on points and are stratul 
_ called channel bars and slough fillings. The upper part of these ridge- cause 
: and-swale deposits are usually covered with clay silts and silty clays — ; of see, 
—_ which are laid down during gradual migration of the river channel from | ihn , 
> 1 7 its former banks. Slough fillings normally are about 10 to 20 ft it at thin 
ai b. -Channel- -fill deposits. _ When the river abandons its former course as a create 


‘result of a cutoff, the central and lower portions of the old cutoff channel) channe 


-* 


ad _ usually become filled with silts and clays which are relatively im- Pr “4 immec 

ie _ permeable. Such deposits in the Lower Mississippi River Valley may length 

be 50 to 125 ft deep. thoug! 

i _ Natural levees. _ When the river overtops its banks the water spreads pine. 

whetn 
| 


- “= the velocity is checked, and deposition « of a portion | of the sedi- 


load results. In this manner, long ridges known as natural 
is levees are formed on the outside of meander loops and along both banks ing 18 
in straight reaches. Natural levee deposits found in the Lower Th 

Mississippi Valley ra range in composition from sandy ‘silts to silty clays. _velop 


range in height above the surrounding floodplain from 5 to 10 ft. eatras 
> d. Backswamp deposits. Low-lying areas on the landside of natural levees arate 


known as backswamps. These areas receive only qt quiet flood waters _tribut 
_ and asa result the sediments deposited consist of fairly uniform silts — press 
3 and clays. _Backswamp deposits create an almost impervious block | emery 
the emergence of subsurface seepage. The thickness of backswamp de- § Un 
_—_—- Posits ranges from 15 to 20 ft in the vicinity of Helena, Ark., to 20 to § hydro 
70 ftin southern Louisiana, — short 
i a3 The emergence of seepage landward of a levee is influenced by: (a) configu-| } on su 
ration of geological features, such as swale fillings and channel fillings and | 

_ their alignment relative to the levee; (b) characteristics and thickness of th 7S 


top stratum; (c) cracks or fissures | formed by drying and other natural causes; § 
— (d@) borrow pits, post holes, seismic shot holes, ditches, and other works of -— 
man; and (e) decay of roots, uprooting of trees, animal burrows, crayfish a 


holes, and other organic agencies. The e severity of the underseepage along a : 


reach of levee is frequently dependent upon the configuration of geological — a 
features in that area. The greatest concentration of seepage always occurs uJ 
along the — of of swales an and the  landside toe as illustrated 
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Occurrence and s of Underseepage 


a levee is to a differential head of 
a result of river stages higher than the surrounding land, seepage enters the 
pervious substratum through the bed of the river, riverside borrow ‘pits, _ 
or the riverside top stratum, and creates an artesian head and hydraulic 
gradient in the sand stratum under the levee. This gradient causes a flow of = 
= beneath the levee and the development of excess pressures landward — 


thereof (Fig. 4). If the hydrostatic pressure in the pervious substratum a 
ward of the levee becomes greater than the submerged weight of the top 
- stratum, the excess pressure v will cause heaving of the top blanket, ox or a 
cause it to rupture ; at one or more weak spots with a resulting concen ration 
of seepage flow in the form of sand boils ee eel 
aed In nature, ‘seepage | usually concentrates along the landside toe of the levee, 
at thin o or weak spots in the top p stratum, and adjacent to clay- filled swales or 
channels. Where seepage is concentrated to the extent that turbulent flow is" 
created, the flow will cause erosion in the top | stratum and development of a 
channel down into the underlying silts and fine sands which frequently pexist : 
immediately beneath the top stratum. As the channel increases in size and/or 
length, a progressively greater concentration of seepage flows into it with a 
‘consequent greater tendency for | erosion to progress beneath the levee. Al- a 
though a number of levee crevasses have occurred as a result of sand boils a 
whether or not a specific levee will be crevassed as a result of critical sub- 
stratum pressures and concentrated seepage in 1 the form of sand boils or ‘pip- 
ing is practically impossible to predict, 
‘The amount of underseepage and uplift hydrostatic pressure that may d de- 
velop landward of a levee is related to the river stage, location of s seepage a. 
entrance, thickness and perviousness of the substratum and of the landside top 
stratum, underground storage, and geological | features. Other factors con- 
tributing to the activity of sand boils caused by seepage and hydrostatic 


pressure are the degree of seepage concentration and the velocity of flow hes ey 


hydrostatic pressures during relatively low high waters or high waters of | : 
short duration. If the ground water table is low at the onset of a high water, 7 ; 
drainage : into subsurface storage landward of the levee will reduce hydrostatic te _ a a 


‘pressures and seepage rising to the surface. However, if the ground water “a 
table is high or the flood is of long duration, this factor will have little effect ; 


on hydrostatic pressures. In general, piezometric data obtained 
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water 
the 1950 high water indicate that the ground-water st 4 
mI ls _ Lower Mississippi River levees will be filled by the time a high flood stage 


from seepage formulas pier piezometric data, anda knowledge of the en 
stratum characteristics both riverward and landward of the levee, and of the 
4 pervious substratum. However, the accuracy of results obtained from such 
4 formulas is dependent on the applicability of the formula to the condition Le 


‘ 
Other factors that influence computation a seepage flow and ia ol 
_ pressure, but do not lend themselves to theoretical analysis, are stratification 
of the foundation, lenticular deposits of silts and clays within the foundation, on, — 
“honuniformity | of the top s stratum, and riverside | or landside borrow pits. rhs 


Kp 
This equation is valid ected the assumptions on which Darcy’s law is based 


The mathematical expression for depends: ‘upon the dimensions 
of the generalized cross section of the levee and foundation, the character- — 
7 istics of th the e top stratum riverward ai and landward ‘of the levee, a and the pervious 
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*See Appendix A for definition of notations and symbols. 
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substratum. Where the hydraulic grade line M beneath the levee is known ‘ 
from piezometer readings, seepage passing beneath the levee can also be de- 


_ The excess hydrostatic head h, beneath the top siretum at the landside toe — 
of the levee is related to the net head on the levee, the dimensions of the levee - 


and foundation, ‘permeability of the’ foundation, an¢ and the character of the top 
stratum riverward and landward of the levee. The head hy, beneath the top = 


— 


stratum < at a distance x landward from m the | landside toe of the levee can be ex- 
pressed in terms of h,. When h, is ; expressed in terms of ho it depends only 
upon the type and thickness of the blanket and pervious foundation landward of 
the levee; the ratio 10 hy/ho is independent o; of conditions riverward of the levee. 
Le Expressions for ¢, ho/H, and hy/ho for | - typical levee and foundation con- 
ditions along the Lower mDaSee | River ; are presented in i 6 and are dis~ 


No Top Stratum. _—Where a levee is founded on foundation 
sands and no =p stratum exists either riverward or landward of the levee on %.. 
| (case 1, Fig. 6), ho = .... The severity of such a condition in nature is pore : 
| by the exit gradient and seepage velocity that develop at the landside toe of the 

levee; these can be estimated from a flow net. 
_ § Some idea of the safety of a levee against piping where no top stratum ex- 
_ ists may also be obtained from comparison ofa computed creep ratio. and 
recommended empirical values thereof. _ The creep ratio can be computed by 
either of the following formulas proposed by Bligh(1) or Lane,(5) and the ~ 
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Impervious ‘Top ‘Stratum.—A somewhat uncommon is that where 
the top s stratum landward of the levee is almost completely impervious (cases ; 
2, 3, 4, Fig. 6). Such a a condition is ‘approximated, however, where levees are 
founded on thick (>15 ft) deposits of clay, or silts with clay strata. For the © 
condition of an impervious landside top stratum little or no seepage occurs — 
through the top stratum and, if the top stratum is either infinite in landward _ 
extent or the pervious aquifer is blocked landward of the levee, no seepage oc- 7 
curs beneath the levee and ho = hx = H. 
ate Conditions of no top stratum ‘Snereneé or landward of a levee (cases 3 — 
4, Fig. 6) are sometimes encountered where extensive borrow operations i 
sult in removal of all top stratum for a considerable distance from the levee. 
Semipervious Top Stratum. — —The condition r most commonly ‘encountered is 
that where a semipervious top stratum overlies the pervious substratum. The > ; 
formulas given in Fig. 7 < are based on the assumption that seepage flow 


“the top . stratum is in a vertical direction and seepage in the pervious sub- 
- stratum is in a horizontal direction. These assumptions are essentially valid — 
wherever the permeability ratio k¢/Kp ¢ exceeds 10. In nature this ratio usually " 
exceeds 10; it ranged from about 100 to 5000 for the piezometer sites studied. 
_ Values of h, and hy given by the equations on Fig. 7 are hydrostatic heads” 
at the middle of the pervious substratum; where Ks/KbL is less than 100 to 

500, values of ho and hx immediately beneath the top stratum will be slightly 
less than those computed from x3 because of the head loss resulting from up- 
ward seepage through the sand stratum, 

In order to simplify the determination of h, for various values of x z io 

graph of the relationship between hx/hp and x/x3 has been plotted in Fig. 8 for 


Lg = @, » and for various values of x3/Lg for b both a blocked and open | exit at 


then hy can ‘be computed fr 


Determination of Factors Involved in Seepage 
Be 


fore any seepage analysis by means of theoretical formulas is possible, 
it is necessary to make certain simplifying assumptions and to generalize the 
foundation into a pervious sand stratum with a specific thickness and permea- » a 
bility and a semipervious top stratum with a uniform thickness and permea- 
bility. _ _ (However, the thickness and permeability of the top stratum may be c 
different riverward and landward of the levee. , Seepage may enter the pervi- 
ous stratum either at the river bank, through riverside borrow pits, and/or 
through the ‘semipervious top st. stratum riverside of the levee. Seepage through Le 
the pervious substratum is assumed to be horizontal. Flow through the top 
stratum, or bottom of borrow pits, is assumed to be vertical. The levee, im- re 
pervious or thick berms, and the portion of the top stratum immediately be- 7 
neath them, are assumed to be | impervious. In most of the theoretical formu- _ 
las used in this paper it is assumed that the ground-water storage landward of 
the levee is essentially filled ; and that t seepage through the i stratum and i in 


“puted from certain formulas even though flow through the top stratum landward 


“estimated by different methods, some more accurate than others. "Methods of r 


ee the necessary factors include the use of surveys, field _ ‘oe 
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toe. of levee for levees founded on semipervious top stratum under- 


laboratory | tests, ‘field pumping tests, and piezometer systems. 


Methods of arriving at nul numerical — of these factors are discussed in the 


_ Net Head H.— —The net head on a — is the height of the flood stage above 

the tailwater or average low ground surface landward ofthe levee. ~~ 

Length of Top Stratum Landward of Levee (L3). —Lg is usually considered 

to be infinite unless changes in geology or topography limit the emergence of 
seepage toa definite area. The distance to such a block created by high cond 


" Hydraulic Grade Line (M).-M can best be determined from nell 

located beneath the levee where the seepage flow lines" are —— hori- a 

zontal and the equipotential lines vertical 

Effective Thickness (zp) and Permeability of Top ‘Stratum (kp). — The 

thickness of the top” ‘stratum both riverward and Tandward of a levee is usually = 


extent of any geological feature within 500 ft landward of the levee toe that 
may significantly affect the seepage analysis. _ The thickness of t the siecatins aed 7 
in the bottom of landward ditches should also be determined. __ ot nate ; 
_ The in-situ permeability of clay strata in the top blanket is s related om vibe 
thickness of clay, whether or not it is at or near the surface or covered by | 
natural levee deposits, and to a large extent to the presence of root holes, Ba 
shrinkage cracks, minute fissures, and burrows of crayfish and small simale, 
Flow up through relatively thin (<5 ft) clay strata near the surface is gener 

ally through these channels rather than through the pores of the soil. — Tests on 
small samples of ‘clay in the laboratory measure | the of pores 


pi 
4 
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in the soil 1 mass and are not usually indicative of ‘the permes permechility of clay 7 
strata at or near the surface. A clay top stratum landward of a levee is con- | 
sidered more pervious during high water than one on the riverside because of © 
_ the flushing action of ‘seepage rising through small channels to the surface on 
the landside whereas on the riverside such small channels tend to silt up. 
_ The in-situ vertical permeability of semipervious soils such as silty sand, 
- gandy silt, and silt can be determined reasonably accurately from laboratory 
4 tests on undisturbed samples as the flow through these soils is usually | lami-— 
“nar unless sand boils have developed inthe area. 
ae In seepage analyses the top stratum is usually generalized into a blanket of 
_ uniform vertical permeability with a specific effective thickness by transform- 
_ ing the actual thickness of various strata to another thickness with a certain 
permeability, as illustrated by the tabulation shown below. Transformation 


factors us used in this study are given in Table 2. 


‘Thickness 


“The effective vertical permeability kp1, of the top stratum landward of a 

levee can best be ries vay from observed naa heads beneath the nn 


ya 


The pe of the can n also be from 
characteristics of the pervious foundation and the effective seepage exit x3 as" Fi 
a ; determined from the hydraulic grade line in the pervious foundation beneath | : 
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less than 5 ft in Thickness 
“Silty clay Lean clay (cL) 
Clay silt Silt (ML) 
Silty sand Silty sand (SM) 1/5 if z <10 >10 tt 


Alternating clay 


with depth 


Silty sand < 10 ft; 0 if 2 > 10 ft 
fine sand Fine sand 

Alternating clay 


In forusales and Ta a kbL has: to determined by trial and error. 


1s less than 100 to 500, ‘the wile of Ska computed. from xq X3 will be : slightly low, 7 


because of the loss in head up through the aquifer at freely seeping sites.) _ 


Where borrow pits, ‘ditches, or channels exist within 200 or 300 ft of te 
landside levee toe, the thickness of top stratum used in computing seepage 


flows and substratum pressures should be based on the thickness of the top aa 7 
pit is very wide. The 


allowable critical substratum pressure ‘must be. computed for both the thickness 
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of the top secon at at the shia the » levee a and din the bottom ns the a os 
Effective Thickness d and Permeability kf of Pervious Substratum. —The 
_ thickness of the pervious substratum thickness of the principal seepage- 

- carrying sand stratum below the top stratum and above the bottom of the en-— 
_trenched valley) may be determined by means of deep borings or a combination 
of shallow borings and seismic or electrical resistivity surveys. (The thick- 7 
ness of very fine sand strata of low permeability that frequently exist between 
the top stratum and the principal seepage-carrying stratum is usually ati 
in seepage and pressure computations. _ 


The average horizontal permeability ke of the pervious substratum is s best 


the pervious aquifer and | using Eq. (8). 


2. +30 le log, 
e feasible, ‘the: flow in in the well should bet sma by means of we 
flow meter(14) at major changes in sand strata. For soil conditions usually — 
existing in the Lower Mississippi River Valley, ‘the permeability of the pervi- 
ous substratum is best computed from formula | 8 for artesian flow. (The top ¢ 
7 stratum and upper fine sands are usually so much less p pervious than the under- 
lying deeper sands that they in effect create an upper impervious boundary. : 


The lower impervious boundary is formed by the deep Tertiary materials. ) 
Where the permeabilities of different sand strata in the pervious ‘sub-— 

stratum are significantly different (Fig. 10) the permeability of individual sand 

strata can be computed from the difference in the well flows - the ‘screen at 
“the boundaries of the sand stratum being tested using Eq. (8a pia a 


= 


The average Ke can be computed from the following formula: 


The average horizontal permeability can also be determined fon pees pumping 
tests on partially penetrating wells by using the straight line portion of the - 
drawdown curve (with r plotted toa semilog scale) some distance from the a 
_ well where flow lines to the well are essentially horizontal and are not affected 
by the curved pattern of flow in | the vicinity of of the well, and Eq. (8). Ifthe i 
- pervious stratum is homogeneous and ky = KH, the 2 average enna eek 


from Eq. (8), ‘modified as follows: 


a: 


in this paper is generally taken as except in partially p 
trating relief well systems or drainage trenches where a coarse in ke and 
‘ade 


would a significant bearing on the analysis. 
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Artesian flow to a test well 
= ratio of flow m a partially penetrating to a fully ieee or 


| tum b an 


When it is not to o determine tests, it may y be esti- 
sated from mechanical analyses or laboratory permeability tests on samples 
of sand taken means of a tube or split spoon ‘sampler in “mudded” 


samples of sand can be ctteinedl with a Shelby tube sampler ina “mudded” 

hole. The next best sand samples are obtained with a a piston- ‘type bailer. a oe 
Samples taken with either a Shelby tube or split s spoon sampler in holes bored 
with drilling mud must be thoroughly washed of all drilling mud before testing. _ 

Pumping tests have shown that the actual horizontal permeability ofa sand 
stratum is 1.5 to 4 times greater than the e permeability indicated by laboratory — i 
tests on remolded samples taken by any of the previously mentioned sampling o: 
methods. AT) An approximate empirical relationship b between and ky 
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vell in a | homogeneous - foundation and from a fully penetrating we 


; a from ¢ oumping tests in the alluvial valley : is shown in Fig. 12. 
The average horizontal permeability of the pervious strata ensath ' a levee 


Effective Source of source of : seepage entry 
into the pervious substratum, as illustrated in Fig. 9, is defined as that line 
: riverward of the levee where a hypothetical open seepage entry f face fully ~ 
_ penstrating the pervious aquifer with an impervious blanket between this line 
and the levee would produce the same flow and hydrostatic pressure beneath 
and landward of i a levee as will occur for the actual conditions riverward of 
- the levee. It may also be defined as that line or point where the hydraulic fe 
grade line beneath the levee projected riverward with 1 slope M intersects the 
‘The best and most accurate method for sis to project graphi- 
cally the hydraulic grade line M beneath the levee, as measured by piezome- 
ers installed in the pervious substratum beneath the levee, until it intersects 
an river stage producing the gradient. The value of s can also be determined 
‘clatu data using the following e equations (see . 13 for 
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seepage passing beneath the levee, and Eq. (2). Where the rate of se 
per unit length of levee Qa emerging in area A is measured, th > 
™ bility of the pervious substratum can be computed from the formula: ee) 
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bility vs effective grain size Dio 
Before Eqs. (10) and (10a) are valid, the pervious stratum beneath the levee a 
must be saturated and artesian flow conditions established. These methods of — 
determining s automatically integrate the many rather indeterminate factors - 
that influence the entry of seepage into the pervious ‘substratum, and were used | 

- determining the source of seepage at the piezometer sites. | 

_ If the distance to the river L, + Ll (Fig. 9) is known and there are no river- — 


side borrow pits, s (which poate + La) can be estimated from the 


ward of a levee so as to prevent any entrance of seepage into the foundation _ ts 


beyond that point (Fig. 9), s (which — ents + Hie can be estimated from the 
following equation for x1: 
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‘Fig. 13.0 Nomenclature for 


‘iio two guide levees parallel a tributary | stream or a floodway chnanal, and 


Seepage | into the foundation is divided and the bottom of the tributary stream 4 
or channel does not expose foundation | sands, xy 1 can also be computed from 7 
Eq. (12) wherein L; equals half the distance between the riverside toes of the 
levees. (The term c in Eq. (12) would be « computed from Eq. ja 

Where riverside borrow pits have been dug causing ‘most of the impervious 

r stratum over a considerable area to be removed, and the pits become the _ 
primary entrance for seepage, may be estimated from Eq. (12) where ZpR 

¥ and kpR are values for the top stratum 1 remaining in the bottom of the borrow 
- Distance from Landside Levee Toe to ida Seepage Exit x3.—The ef- 
fective seepage exit is defined as that line or point landward o e levee where 

4 a hypothetical open drainage face and an impervious blanket between this point 

: and the levee toe would result in the same hydrostatic pressure at the levee 
toe and would cause the same amount of | seepage to pass beneath the levee as 
would actually occur for existing conditions. The distance xg to this point is 

_ the intersection of an extension © of the hydraulic grade line beneath the levee 

with the ground surface or tailwater (see Fig. 9). - The best way to determine 
UA X3 is by means of piezometers installed in the pervious substratum beneath a 
levee using the expression 13 


As X3 may vary with river stages as seepage rene X3 pom be plotted 
= 

_ vs river stage, and the estimated maximum value o obtained from a curve of 
best fit should be used for seepage analyses. ays 
one 
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a! 
| = finite distance to an open exit 


The sdtettiiechie between c and the effective seepage exit length x3 where 
the s semipervious top stratum is infinite in landward extent (case 5, Fig. 7) has 
been 1 computed from Eq. (14) and plotted in Fig. 14 for various values — 
_kg/kp assuming d = 100 ft. The x3 to values ofd other than 
100 ft can be computed from the equation 

100) 

edie the landside a stratum ik a a finite length L3 with either a block or ve 
open seepage exit at Lg (see Fig. 7, cases 6 and 7, respectively), the effective _ 
“exit length can be computed either from Eq. (15) or (16) or by ——s 
xg (Lg = = 0) by the factor shown in Fig. 15. . Figs. 14 and 15 can also be used _ 
to evaluate the effective length of riverside blasitet xy byu using 11, ZbR, and 


Combinations of s and x3. —Various of s and x3 for use in the 
design of underseepage control measures can be estimated from the reading 

ofa single piezometer at a fairly high river stage, by determining the distances _ 
to the source of seepage entry and the effective seepage exit required to cre- i 
ate an ho equal to the observed head at the toe of the levee. The distance — 
_ the source of seepage can be estimated from reaches where piezometers have 
been installed perpendicular to the levee and where riverside soil conditions __ 
Ratio k¢/kbL.—The ratio kg/kpL can be computed from Eqs . 6) and (7) and 
values of x3 determined from the hydraulic gradient beneath the levee without 

_ Critical Gradient ic.—The critical gradient required to cause sand boils or 
heaving or flotation of the top stratum is usually defined as the ratio of the ae 
submerged unit weight of the soil comprising the top stratum and the unit _ 7 ae 
weight of water. soils: have the approximate theoreti- 


=  ##The critical gradient required to cause — boils in the field can best be 
determined by | measuring the hydrostatic head beneath the top stratum at the + 
time sand potis appear. Ih this method ig is the follow- 
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Investigation of Underseepage at Piezometer Sites seepat 
ic to the overall investigation of underseepage were the detailed study and la 
of geological and soil conditions and the measurement of substratum pressure@ flow b 
and seepage flow by means of piezometers at 15 sites on the Mississippi Riverg terist: 
and one site on the Red River. The sites were selected where subsurface ff Riv 
explorations had already been made and representative types of geological and§ gages 
top stratum conditions were known to exist. The sites included locations __‘  three- 
where no underseepage had occurred and where — and sand boils § Wh 
been a serious problem during the 1937 high assun 


Mapping. In general, three maps—plan, topographic, and an aerial stratu 


a b. + Field explorations. - Both shallow and deep borings w were made at each piezo. 
_ site to determine the soil stratification along the levee toe and along § Th 

cross sections perpendicular to to the levee. rate of seepage was de- Eqs. | 

the le 

benea 
noted. 
Geological studies. The site as regards former Co 
_ river courses was taken from previous geological studies. 4) The de-— ‘subst 
oe ~ geology | was established from a a study of of aerial photographs, topo: Comn 


« Laboratory tests. Mechanical analyses and permeability tests ; were Data | 

@. Hydrostatic pressure measurements. Piezometers were located along the ps 
_ the landside toe of the levee to determine the pressure beneath the top seepa 

_ stratum, and along ranges perpendicular to the levee to measure the § the le 
hydrostatic pressure beneath and landward of the levee and the distance levee 

to the effective seepage source and exit. Generally the tops of the — = of the 

piezometers were located immediately below the top stratum inthe of the 

ne _ upper part of the underlying foundation sands. _ At some . sites the tips Fig. 
were put down to a considerable depth in the sand stratum for the consi 

_ purpose of measuring head loss in the foundation sands in a vertical di-§ levee 

-_ rection; at other sites some of the piezometer tips were located within § age h 

Z the top stratum for measuring the loss in head within the top stratum. § _ 

wa oe Seepage measurements. _ The natural seepage emerging landward of the | Di 


2. and Baton Rouge sites at the crest of the 1950 high water. 5g p that ¢ 

Evaluated and Methods Used in of and basec 

Factors Ly, Le and Le were obtained at ene site ‘ened field surveys and 


. existing maps. However, at some sites the value of L3 was determined from 4 


; 2 The depth and permeability of the pervious foundation, and thickness and x 
; 4 SS. of the stratum at the sites, were estimated from field explo- 
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seepage observations. The Panama to the effective seepage € entrance and exit, 
substratum pressures landward of the levee, and hydraulic gradients beneath a 
and landward of the levee were determined from piezometric data. Seepage © 

flow beneath the levee was estimated from and arac- 


cases the elevation of water surface was recorded. 

- Seepage Source and Exit. — At each site at least one line of piezometers v was 
installed perpendicular to the levee. The hydraulic grade line in the a 

stratum sands and the distances from the landside toe of the levee to the ef- . 
fective seepage source and exit were determined from readings of these ¢ 

- The distances to the effective seepage source and exit were computed from a 

Eqs. (10) and (13), respectively, using data from piezometers located beneath 

the levee (and berm if present). When there were three or four piezometers — < 

beneath the levee, s and x3 were determined graphically. Unless otherwise — 

noted, s and xg are referred to ) the landside t toe of the levee or berm. oe 

>. Computation of s and. X3 requires tlie use of the average head in the odie. ° 
substratum at the points of measurement. Only ata few sites suchas ~~ bd a 

Commerce, Trotters: 51, and Trotters 54 were piezometers installed sufficient- P 
Data at these sites indicate that: (a) the head immediately beneath the top il 
stratum under the middle portion of the levee is equal to that at any depth in > 

the pervious substratum, and (b) where there is a significant flow of upward oe ti 
seepage the head immediately beneath the top stratum at the landside toe of — 

the levee is somewhat less than the average head in the sand stratum at Be 
levee toe (see Fig. 16). | The difference in head developed at the landside toe 

of the levee immediately beneath the top stratum and at or near the mid- -depth Ss 

of the substratum sand at the above sites is plotted for various net heads in 

Fig. 17. At sites where no deep piezometers were installed and where the line 

consisted of two shallow piezometers, one beneath the levee and one atthe => 

levee toe (or berm toe where present), it was necessary to estimate the aver- 

age head in the substratum sand at the levee toe from the reading of the _ ; 

mallow piezometer at the toe prior to computing sandx3. =| ae 
_ Distances to the effective seepage source and exit determined on selected 

days during the high-water period are plotted vs the river stage occurring g on 

§ that day, e.g., Fig. 18-20. From such plots, values of s and xg were extrapo- E 
lated to the project flood. The extrapolation of s to the project 1 flood was Bias ty 

based on observed trends during previous high waters with consideration ¢ given 

to the possibility of changes in the riverside borrow pits. The extrapolation pe 

of x3 to the project flood was obtained by solving the equation for ho on Fig. 7 

for r X3, using the values of s, H, and ho estimated to exist at the pr project flood. 

In so doing, hp was taken as the average head in the substratum sand at wee 

landside toe of the levee. A curve then was drawn through the observed 

seepage exits (plotted against the corresponding river stages) tothe 
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1 and gages installed at the sites. Gages and piezometers were read at two- to ae 
three-day intervals during significant high-water periods. 
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18. Distances 1 to seepage source and exit. 
and Permeabilit of Pervious Substratum. —The total 
thickness of the pervious substratum was determined from deep borings. ‘The 
thicknesses of very fine sand strata of low permeability were transformed into 
» reduced equivalent thicknesses with the same permeability as that of the es: 
- principal seepage-carrying stratum. The gradations of typical samples of } 
- sand taken from the pervious substratum at various sites are shown in Fig. 21, 


‘Thickness of Top ‘Strat um.— —The top stratum into a 
a of uniform vertical permeability of a specific thickness as previously de- _ 
scribed. The thickness transformation factors used were the 
r Blanket formulas show that for a uniform top stratum infinite in siiaiaisia 
: ‘extent 64% of the seepage flow rises to the surface between the Jandside pry 
toe and the e exit 
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Baton Rouge, lines an 
the and the effective seepage exit were given more than 
__Permeabilit of Top Stratum.—The permeability of the top stratum was: 
an by means of blanket formulas and measurements of natural ‘seepage. 


_ Permeability Ratio kf/kbL.—The ratio of the permeability of sand sub- 


stratum to that of the top stratum was also estimated from blanket formulas — 


_ and by taking the ratio of estimated values of kf and kpL- Cae. + Oe as 


| Seepage Beneath Levee Qs.—The | seepage beneath the levee per 100 ft o 


levee was computed for the crest of the 1950 flood and was also computed i. = 
the project 1 flood from equation for Q, on Fig. 7 using the best estimated val values © 7 


of d, kf, s, and x3 . for the project flood (see Table 3). 5 The severity of — 


Severity of seepage 4 


Piezometer Readin s vs River Sta; —Readings of 


“the landside toe of levee or berm were plotted against the corresponding river 
stages for different high waters, e.g., Fig. 22-24. The | ratio of the head ho at Ly 
the different piezometers to the net head H on the levee was computed and is 2 F 
_ Shown on the curves drawn through the plotted data. Also shown are the esti- By 
_mated hydrostatic heads for the project flood; these heads were based on 4%: 

- extrapolations of observed data and consideration of the computed maximum A 
Possible substratum heads. Values of were computed by the 


the plezometer 
+The hydrostatic head hy at various ; piezometers’ landward of the was 


— 
— 
4 
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a Where readings continued to increase linearly with river 
stage and ho extrapolated to the project flood was less thanhe 
ae au (= 0.8 85 zt), the ho that will develop at the project flood was taken to be | 
the value obtained by the above extrapolation (e.g., Fig. 24), 
Ti ay Where piezometer readings reached a maximum and then remained — 
constant during a period w when 1 the river continued | to rise, it was as- 
: i sumed that the substratum p pressure would not rise above such value 
na _ regardless of head on the levee and that ho at the project’ flood stage — 
would be the same as the above observed maximum (e. , Fig. 22). 
i el . Where piezometer readings inc reased with rising : river stages but it ap- 
: Ee aw peared h, would become equal to h. before the project flood stage was “ 


--peached, the curve fitting the data was extrapolated to ho = he ae 

e.g., see Fig. 

Ss  Landside piezometer readings remaining constant over a . period when the | 


river stage continued to rise indicated that the critical head beneath the top 
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the project flood crest would be reached. | 
The initial portion of plots of piezometer readings vs river stage indicate ; 
“that artesian heads usually did not develop beneath the top stratum until after 
water had been against the levee for several days. This initial lag is attribut- 


7 ward of the. levee which must be filled before the badinabitie > head in the J 
substratum can rise above the ground surface. 


7 or 1/2 the maximum stage, at maximum stage, and when the river had fallen 
q to about the natural ground surface. | Typical: gradients observed at four sites 
a are shown in Fig. 25-28. (Note location of ' “effective” source of seepage; also 


- note flatness of gradients across thick clay deposits landward of the levee _— 


which restrict the emergence of seepage and cause it on 


~ levee and the thick clay deposit; e.g., Fig. 25-27. 3 


Investigation of Data at Piezometer 


ditions, analyses of piezometric and seepage ‘data, and seepage 
7 for a principal piezometer line at each site are given in Table 3. Only the a. 
site, because the high water ; at this site during 1950 was not of 
duration to create truly artesian flow conditions and as a result the piezometer 


of Geologic and Man-Made Features on Underseepage 


Geology and Seepage. —Geologic and natural features 
to affect both the distribution and concentration of seepage landward of levees 
and, to some extent, the magnitude of substratum pressures. = | 
At sites where point bar deposits predominated, the heaviest seepage and 
sand boils occurred in ridges adjacent to swales. Higher elevation of the 


surface of point bar deposits landward of low ground also prevented the exit of 


a Bey ony landward of of the low topography because the substratum pressure was 
At piezometer sites where the top stratum consists of wide and fairly wane: 
fillings, rather high excess heads developed landward of the 
levee during 1950; seepage emerging through the top stratum was rather uni- 
_— form and fairly light for the maximum river stage that developed. = ie 
aa Where the levee is founded on relatively continuous silty natural levee de- 
a posits underlain by clay, some minor seepage occurred through the natural a: 
levee deposits, to date no boils attributed to such 
5 In general, it is believed that, ifa levee has ‘italien base width as com- — 
- pared to the net head, seepage through natural levee deposits will probably not 


ry The thickness of backswamp clay deposits usually precludes. the develop- q 


- ment of serious aoepage. _ However, if seepage has a ready entry into the © 
substratum, substratum can be expected to develop 
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UNDERSEEPAGE 


and if wee any reason the continuity of the clay is broken or the thickness ot 
the clay is not adequate to withstand the uplift pressure, underseepage and — 
possibly severe sand boils may develop. Although the top stratum at Baton _ 
Rouge is comprised of point bar deposits, the thickness is so great (30 ft) that — 
the seepage pattern is similar to that expected along levees founded on thick — 
backswamp clays; i.e., high excess heads and little seepage. = = | 
Man- Made Features and Seepage.—Man-made discontinuities in the top 
stratum were found to influence significantly the development of sand boils. 
Discontinuities encountered at the sites studied coasist primarily of landside 
drainage ditches and seismic shot points, both of which appeared to be — 
cause of a number of sand boils. 

Riverside Top Stratum 


Source of Seepage and Effective Length of Blanke' .—Of the 


sites at which sufficient piezometric data were available for analysis, a. er 
® source of seepage at the crest of the 1950 high water was located in the river- ‘ 


1945 and 


la.,; 
— 


- side borrow pits except where the borrow pits were blanketed with a thick 
' layer of clay (see Fig. 25-27). The distance to the effective source of seepage = 
8 entry generally ranged from about 600 to 3000 ft. The corresponding effective ma 
‘ea length of riverside blanket ranged from about 200 to 2800 ft. rant 
i) _ At L’Argent and Baton Rouge, where the riverside borrow pits are blanket- 
_ ed with clay 15 to 20 ft thick, the effective source of seepage was located at 
ee the bank of the Mississippi River (Fig. 28). At the other sites where the 
a thickness of the riverside blanket ranged from about 0 to 5 ft, the source of 
seepage generally was in the riverside borrow pits. 
oF Generally, the effective length of riverside blankets tended to increase as" 
3 [i the blanket material in the borrow pits graded from silty sand to clay, and 
£ also as a given type of blanket increased in thickness (Table 4). Atop stratum 
| of silty sand is not very | effective, : as the length . of this type riverside tcp as | 
_ | stratum was about the same as at sites where the substratum sands were ex- 
§ -§ posed in the borrow pits. Where the riverside blanket consisted of clay 10 to to 
15 ft thick, very little | seepage penetrated through the blanket. 
‘ aS _ These studies indicate that the underseepage problem along the Lower is 
§ Mississippi River levees has been aggravated by more or less complete re- 
: Ay § moval of the riverside top blanket along c certain reaches of the levee as the - 


result of borrow operations for construction of the levee. Where cara ; 
borrow operations | riverward of a levee should be controlled so as. not to ai oa a 
_ Permeability.—For a given material, the permeability of the riverside — a 
stratum generally tends to decrease as the thickness of of top stratumin- 
creases, ‘particularly for clay top strata. Values of kpR we were zero at sites 
where thickness of the blanket equalled or exceeded 15 ft of clay as compared 
to about 1 x 10-4 cm per sec where the clay blanket was less than 5 ft thick. -— 
No apparent decrease in with increasing blanket thickness was observed 
at sites where the borrow pits were blanketed with silt. The average perme-_ 
ability of the silty blankets was about 2. 5 x ‘cm per ‘sec; R for 
| Effective Seepage Exit. —Values of x3 generally ra ranged from about 150 ‘ 
ft, the largest occurring 2 at Baton the top stratum is about 
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Summary of 1950 High- at Piezometer § sites 


se: 
23.0 00-210 -§,000 115 == 
826-49 17.088 1,030 00 2,300 30 
Caruthersville. 


ong the piesometer line. 


30 ft thick. TI The distance to the e effective | seepage exit w was iets rather shor 

at sites where the landside top stratum was thin and at sites where numerous 

sand boils developed; it was relatively long where the top stratum was thick © 
or the exit of seepage was animal blocked as a result of landward swales or 


‘Values of X3 followed three basic patterns during rising river stages: (a) 
a constant x3 indicated that resistance to the flow of seepage either landward § sites w 
or up through the natural blanket was constant for the 1 river stages experi- _ permez 
ee a Se enced; (b) a decrease in Xg with rising river stage usually occurred when sami§ water ; 
boils began to develop (such boils provide additional seepage outlets, thereby ‘The: 
ee decreasing the resistance offered by the natural blanket to the emergence o of particu 
seepage), (c) an increase in x3 with rising river stage indicated an increase in crease 
_ resistance to the flow of seepage landward. (At t the beginning of overbank © q strata | 
stages, the | natural water table may be low and seepage may readily flow into ability 
oe resultant large volume of ground-water storage which in a sense acts as would t 
_adrainage area. As the subsurface storage becomes filled, the phreatic line 
comes in contact with the bottom of the top stratum and seepage either has to 
_ a flow toward storage areas farther landward or force its way up through the to 
; : stratum. In either case resistance to the flow of seepage landward isin- 


creased, distance to the effective seepage exit 
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ia accuracy of xg as determined from | plezometer readings is affected by 
the average ground ¢ or tailwater elevation, and therefore the elevation of water 
in | submerged areas should be determined during high water periods. a 


_ Thickness and Permeabilit -—The thickness of the landside > top stratum 


0.06 x 10-4 cm per sec to about 10 x 10-4 cm per sec (Tables 3 and 5). At 
sites where numerous sand boils occurred, considerably higher values of - 
permeability were noted. Most values of kpy, at the crest of the 1950 high ~ 
water ranged from about 0.5 to 10 x 


ote from about 4 to 30 ft; the permeability kbL generally ranged from abou aul _ 


for clayey top ‘strata; there was a lesser tendency for kbL to de- 
crease with increasing thickness of silty top stratum. The permeability oftop 
strata less than 10 ft thick was about the same for silt as for clay. The perme- — 
ability of the top stratum landward of the levee has little relation to that which a 
would be obtained from laboratory tests on undisturbed samples, but instead .. 
depends to a large extent on the presence and numbers of fissures, root holes, ae 


former boil holes, and other perforations in the top stratum. The effect of ie . 
i these perforations in clay top stratum appears to be reduced if the Speen gla 
exceeds 10 ft, greatly reduced if ZbL 15 
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between and kpy, for similar blankets of similar 
indicate that the landside blanket tends to be about two to ten times as pervious 
as the riverside blanket. As cracks and fissures exist on both sides of the — 
levee, this difference is attributed to the tendency of upward seepage landside 

to flush out the cracks and perforations, thereby increasing the overall perme- 
| ability of the top stratum. - Downward seepage through the riverside blanket — 
tends to seal any cracks = fissures unless excessive erosion ‘occurs 


Effective thickness of the pervious ‘ranged about 70 to 
165 ft and averaged about 110 ft for the sites studied. , Estimated values of ke 
ranged from 400 to 2500 x 10-4 cm per sec (Table 6). For most sites in the a 
Memphis and Vicksburg Districts above L’Argent, La., Kg ranged from about — 
1000 to 1500 x 107 4cm per sec. At L’ Argent and sites farther ‘downstream, = 

ke was estimated to be no more than about 500 x 10 -4 cm per sec. Although it ic 
should not be inferred that k¢ will always be less than 500 x 10-4 cm per ~ 

in the alluvial valley of the Mississippi River below L’Argent, lower kf values: 
generally can be expected below L’Argent. Good agreement was obtained be-— 
tween values of ky as estimated from a correlation of grain size and permea- 
bility and those determined from analyses of piezometric data and natural — y 
seepage measurements, well flow data, and pumping tests. Poor agreement a 
was obtained between k as estimated from laboratory permeability t tests — 4 
kr obtained from piezometric, ane, and well flow data, and/or pt pumping ~ 


Ratio. of Permeability of Pe Pervious Substratum to Landside 


Values es of ks/kpL, ¢ obtained at the piezometer sites at the crest of the 1950 


high water ranged from about 100 to 2000 except at Baton Rouge where the am q 
ratio was about 8500 (see Fig. 29 and Table 5). There wasatendency for __ 
k/KbL to increase for clay blankets as the top stratum increased in thickness. 

| However, there was ‘no apparent variation in Kt/KbL with zbL for sites where © 


net 
to no seepage 
Medium | seepage 
Heavy seepage 
< uae Sand boils 


sites, possibly because at sites where sand boils had developed hme guy Bl 
only fairly low excess heads may have been needed to reactivate these boils in 
ie 1950. _ At sites where no sand boils had occurred in the past , higher gradients a 
q may have been required to initiate formation of the boils, although this a 
B difficult to ascertain because of limited data on previous seepage at the sites. 
= From the above data, it appears that heavy seepage and sand boils should be — 


anticipated whenever estimated gradients 0.5 to 0. 8, 
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TRoTTERS (51) 3 LOWER FRANCIS KELSON 
BATON ROUGE 


@ TROTTERS BOL! VAR 


=a — to TOP STRATUM IS CLAY EXCEPT AS 
OTHERWISE NOTED. 


PREDOMINANT SOIL TYPE IS UNDERLINED. 


PLEZOMETER LINES WHERE SAND 
OCCURRED. 


4 EFFECTIVE THICKNESS OF STRATUM IN FT on 


29 permeability of ‘pervious substratum to permea- 
of ‘landside top stratum at crest of 


on 

a 

— 


Selected 


Permeability Data and Piezometric Pumping Well 
Caruthersville 

Commerce 


Trotters 51 


 Eutaw 


in- the- “Wall 


Average for piezometer and 
Values are for lower aquifer only. ike ha 
PiesometerIdme C. «| 
Values are for upper stratum of silty : sand. 

Piezometer Line A. 


Effect of of Natural Partial Cutoffs and ‘Massiv re Clay on Seepage 


An of piezometric natural partial cutoffs exist 
shows no significant drop in head across the partial cutoffs. Massive clay de- 
- posits a short distance landward of the levee toe are believed to have increased 
_ the severity of the seepage conditions which occurred during the 1937 and 1950 
waters at 51 ane Stovall. 
Seepage Dorms at Piezometer Sites” 


types and/or | thickness as to make them practically impervious. 
7 suming that the riverside and landside blankets remained unchanged as a re- _ 
sult of construction of the berms, the 200-ft-wide berms typical of most sites 
_ probably decreased seepage and landward pressures by approximately 10 to 
- 15 per cent from what would have occurred with no berm. Since borrow for 
most of these berms was obtained riverward of the levee, the borrow oper-— 
~ ations may have reduced the effective values of Xi as much as the width of the 
_ berm increased Lo. If such is the case, little or no reduction in Q, or ho may 


have resulted from the berm. Construction of rather thick berms 
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boils at the landside wat the oat lengthened the path of any po- 

_ tential piping channel which would have to develop before the levee would be _ 
: endangered. However, as illustrated by occurrence of a large sand boil 200 


- from the levee at Stovall during the 1937 high water, a 100- or 200-ft- — 


berm does not in itself insure against underseepage. 


: ‘haa 1 to 25 gpm per 100 ft of levee depending upon | source of seepage, as 


‘The computed natural seepage ge (Q,/H) at the various sites ranged from > 4 
(Table 3). Measured rates of seepage checked computed values 7 


well. 


Hydrostatic Pressure 


The hydrostatic pressure (ho/H) at the landside toe of the levee or berm zo. 


"permeability of pervious substratum, and thickness of landside top stratum | as 


: varied from about 20 to 75% depending on site and soil conditions (Table 3). 
‘Data and stated gained from the theoretical, model, and prototyp e . 
studies furnish a basis for the following conclusions: 


a. Sand boils and subsurface piping along the Mississippi River Seaiitin are 


hes _ the result of excess hydrostatic pressure and seepage through deep ae 


pervious strata underlying the levees. The severity of underseepage, 
_ both excess hydrostatic pressure and seepage flow, is dependent upon 
y the head on the levee, source of seepage, perviousness of substratum, ‘ 


and characteristics of the landside top stratum. 
a There is a definite correlation between surface geology ond the location 
and d occurrence of underseepage and sand boils. 
+ c Seepage flow and hydrostatic heads landward of a levee can be estimated _ 
from seepage formulas, and/or piezometric data, and a eof 
c 
d. of the natural top blanket riverward by has 
aggravated the underseepage problem along Mississippi River levees. 
J Except where clay s several feet thick was left in place, the onane of ae 


= 
id seepage was in the riverside borrow pits. 


e. e. Underseepage can be controlled by properly designed and constructed 


landside seepage berms, relief wells, and riverside 
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Waterware Experiment Station with the assistance of the Memphis, ‘Vicksburg, 4 
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area in which emerging of : a revel 
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ligh’s creep ratio 


creep ratio 


Effective grain size, 10 ssi cent of grains — than stat- 


- Effective thickness of pervious substratum. of cutoff 


Ratio of flow from a partially penetrating well to that from a 


. “Total net head on levee, o: or height of flood stage above aver- 


r, landward of levee 


(net) ona line of relief wells 


_ which upward gradient through top stratum is rome to criti- 


Head (net) beneath t top ) stratum at  landside toe of levee (with- 
B seepage control measures) es) assuming top stratum capable, 
Head (net) beneath top stratum at distance x landward from 


 landside toe of levee; average head beneath area A in which > 


_ Net head above ground surface or tailwater at time sand boil 


or heaving of top stratum occurs. 


yea Drawdown below water table during a pumping test at | 2 


distances rj ar and r r2, respectively, from test well, 

ie Substratum heads (above ground surface) at two piezometers 
on a line perpendicular to the levee at distances % 
respectively, from landward toe of levee we ee 


Upward gradient through top stratum landward of levee 


Allowable at ot landside seepage berm > 


upward gradient at landside toe of levee 
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Vertical permeability of otratum 
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Vertical y of top p stratum riverward of levee, 
particularly that in riverside pits 


Permeability of pervious fc foundation 


ertical permeability of a ervious stratum 


Vertical permeability of individual ‘etratum 
Distance from riverside toe of levee to river 
Base width of levee, and berm if present m 
‘Landward (effective) extent of top stratum 
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between two piezometers installed on a perp 


distances from landside toe of levee (or 


pet of grade line at mid- -depth sub- 
_ Slope of hydraulic grade line in substratum at lanc land- 


Rate of seepage flow per unit length of levee ares 


seey seepage flow (with or v without wells) pe per unit length of 


from a relief well per unit of time 


> gee over an area, in inches per hour, occurring during 


Ratio of allowable upward gradient top stratum at toe 


ao ef levee to that at toe of seepage berm = 


radius of a relief well 


distances from a test well twel 


from landside toe levee ce (or berm) to effective 
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- into pervious aquifer expressed as a decimal; base width of 


Distance landward from leateat toe of levee 


Effective er of blanket riverside of levee 
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from landside toe of levee (or to effective 


ticularly that remaining in riverside borrow pit _ 


Gamma functions(8) 
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Control of Underseepage by Relief Wells, Trotters 7 

Technical Memorandum No. 3-341, April 1952. . Appendix 

“1953 Pumping Memorandum No. 3-341, February 


“Analysis of 1952 Well Flow and Piezometer Data,” and Appendix C, 


15. , Investigation of Underseepage, Mississippi River Levees, 
Alton to Gale til. Technical Memorandum No. 3-430, April 1956. 


16 nvesti ation of Underseepage and Its Control Lower 
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OCK CHARACTERISTICS / AT THE PAULO AFONSO POWER PLANT? 


Bracete Pichler,! M. ASCE Francisco Barros de Campos* 


x, The Paulo | eaniil Project on the Rio Sao sia, is the first underground 
‘project in Brazil. The conduit system, the powerhouse and the discharge _ 
system are located wholly in rock. To obtain information about the the possible 


behavior after excavation of the rock surrounding these structures, a number 
« tests, “in situ” and in the laboratory, were executed. This paper presents ; 


—~ The Paulo Afonso Proj: ost is located at the Paulo Afonso cataracts, near 
the corner common to the states of Alagoas, Pernambuco and Bahia. _ The 
project has the double purpose of flood control and power production. — 
Structures of the project include a . gravity dam, 4230 meters long, three con-_ a 
duit tunnels each with a diameter of 4.80 m., a length of 104.3 m. and a dis- ee 
charge capacity of 90 cu. m; a powerhouse 60.15 m long, 15 m. wide and 31 .34 ys 
m. high, a ete tunnel with | a diameter of 10 m. ene a Ween of 180. 25 m. 2 


4 


general plan of the project and the location of the field tests. IEEE or. + s 


Discussion open until January 1, 1959. Tc To extend the closing one month, 


" written request must be filed with the Executive Secretary, ASCE. Paper 2137 is 
r part of the copyrighted Journal of the Soil Mechanics and Foundations Division ca x 
5 _ Proceedings of the American Society of Civil Engineers, Vol. 85, No. SM 4, August, - 
a. Presented at meeting of G.S.A., Atlantic City, N. J., November 1957. 
1. Head, Eng. Instit. de Pesquisas ‘Teenoleigicas, ‘Sao Paulo, 


2. Instituto de Pe 4 
rolo vision, Insti Pe 


— 
— 
; 
— 
» 
a 
a i 


Ser PAULO AFONSO P POWER PLANT 


Ee = Stran gage fest 


be. The bedrock of the area consists of a crystalline complex of ose 
age. The bedrock is covered by a shallow layer of sandy soil that normally is 
less than 1 meter in thickness. This soil has been formed by the erosion of 2 
oS Triassic (?) sandstone formation which exists in the form of outliers in this 
ae _ The bedrock formation is a migmatite formed by intrusion of pegmatite s and 
; aplite into a maatite schist. Figs. 2 and 3 present views of the rock as seen in 
the galleries. Due to the tectonic movement that accompanied those intrusion 
the rock is fractured. Some minor faults and a major fault are responsible .] 
for the position of the Sao Francisco River which has excavated its bed below 
the cataract along the fault planes where erosion resistance is a minimum. | 
eal At the water intake shafts and galleries, two faults occur which have crush 
zones with thickness of 0.30 m. There is, however, no indication of any geo- 
z Ae logically recent tectonic movement which might endanger the project or the 
construction itself. . Among the many joints of the rock, the systems N 12- 17° 
and N 69-72° E are prominent. It was that by exercising reasonable. 
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carried without ‘However, because of the general aspect of the 


rock, it was considered necessary to obtain more precise information on the u 
stress-strain characteristics of the rock in connection with the design of nae an 
concrete linings. For securing this information the tests were 


Deformation and Pressure Tests” 

To obtain some data on the existing st in the rock, tests 
were carried out. Direct pressure } tests were made to determine the modulus 


of elasticity. | Specimens of the two main rock types found in the galleries ' were = 


on of a§ also submitted to in the to determine the modu- 
trusiole _ The heterogeneity of the rock formation made information on the variability ie 
of stresses in the rock desirable. The stresses are assumed to be proportion-- 
§ al to the strains developed upon release of those stresses. The tests were . 
| performed on four rock sections. On two sections, a plane surface of about a 
0.60 m. was prepared and reference marks were cemented in. _ Seven series of 
eight holes were drilled around these marks normal to the surface to adepth — 
of 0.15 m. ‘80 as to liberate progressively a rock cylinder of 0.50 m. . diameter. 
Before and after each series of holes, the deformation of the rock in 1 different ‘ 
directions was measured with a “Huggenberger” deformometer. Fig. 4 shows 


one of the test sections and the test results are given in Figs. 5 and 6. ly 
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a: of the rock in the galleries. 


39 The wacntens deformation by far exceeds that. registered in the other di- 
; ene Up to 60% of liberation, deformation was less than 0. 001 inch. — 
_ With additional drilling, the deformation increased rapidly. The maximum 
_ deformation occurred in the vertical direction and attained 0.007 inch, where- 
as the ~omunrenh strain occurring in the horizontal direction was little more F 
BS than 0.001 inch. The negative values seem to indicate that the rock is under 
a tension in as ‘directions so that upon stress release, a small contraction 
an On two similar but polished surfaces strain gages were applied and relief 
. of the rock stresses was procured in the same way as in the tests already de- 
_ seribed. Fig. 7 presents an aspect of the test set-up and ‘Figs. 8 
_ the general disposition and the test results obtained. ) 
_ Fig. 8 shows that the rock at this test sections supported, [Re noes of oe 
the direction, a tensile stress and an appreciable contraction; negative defor- 
‘mation was registered. The petrographic complexity of the test t section may 
_ explain that behavior. In Fig. 9, a test section of a more , uniform petrographic 
_ character is presented and the results are similar to those obtained with the 
aa Both test procedures indicate that in certain planes, the siaats is under sub- 
stantial stress. The of both methods in measuring deformation is 


re use than the strain gage. 
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ROCK CHARACTERISTICS 


‘Fig. 


indicated in te | 1 and Figs. ‘10 to 13 w ilinais details of test devices s and outlay 
are presented. The general aspect of the horizontal test came as well as 
the disposition of the pressure cells is shown in Fig. 10. Fig. 11 presents the 
situation of the vertical test chamber in connection with one of the main shafts. a 
_ The pressure cell consists essentially of a brass cylinder with a tightly ad- ps 
justed piston. This cylinder is connected to as small diameter glass tube ed ey 
ed outside of the test chamber - on a panel, by! means of a copper tubing. When Be y 
the system is filled with water, any change in volume that may occur in 2 the a a 
pressure cell will be observed on the scale connected with the glass tube and 
the variances of level are referred to the level corresponding toa pressure 
: i To keep the pressure in the pressure cell, located inside of the pressure 
| chamber, equal to the pressure in the glass tube, located outside ofthe = 
chamber, both the cell and the tube were connected with a pressure stabilizing 
chamber. This in turn was connected with a cylinder of compressed air to — .. 
compensate for any leakage of that air along the system . The inside diamete 
of the brass cylinder was 75 mm and that of the glass tube wasl1,5mm. 
Therefore, the linear deformation of the piston in the pressure cell, corre- 


sponding to a certain pressure, , will be equal to the difference in level regis- 


tered at the glass tube with reference to the level of pressure zero, divided by 
42,5 (ratio of the areas of the section of the brass cylinder and the glass tube). 
Thus, by pumping water into the pressure chamber readings were taken at the 
glass tubes, corresponding each one to a certain pressure cell, and the e corres 
sponding linear deformation were calculated. The test procedure was identical -e 
in the horizontal and in the vertical test chamber. 
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Fig. 14 and 15 present the test results obtained. ; ‘tt will ~~ ‘observed that 
the highest pressure attained in the horizomtal test chamber was 16 kg/ sq. cm 
a nd 12 kg/sq. cm in the vertical one. 
even with extensive grouting | of the rock. _ The pressures were also limited = 
- the pump used. Compared with the deformation test results described above, 
: - will be observed tl that also: the hydraulic pressure test data show ae 
differences on deformation along different direction (1-2-3-4) of the rock. — 


‘The of. elasticity may be caleulates ed by m means of of following 


deformation corresponding to the P, in 


oF This equation may be used if certain cutititiens are satisfied as shown oy |g 
Dunn, in “Elastic Stresses in Rock Surrounding Pressure Tunnels”. 
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_ ROCK CHARACTERISTICS — 


2. Photograph of measurement device. 


1. The rock should be homogeneous, isotropic and p perfectly elastic. _ 42 
The length of the test chamber should | be greater tl than its diameter. 


a ~ length is equal or greater than three times the diameter. No tmpectant 


3. The distance of the test ‘chamber to the rock a be at least 
5 times the diameter of the testchamber. 


4. rock should have a tensile strength able to resist the tension ap alll 


LA 


‘These co conditions, the first, are rarely y satisfied. In Paulo al 
_ Afonso, only conditions 2, 3, and 4 were in accordance with the stated re- . 


quirements so that only approximately correct values were obtained. 


id _ However, for the sake of experience a and in order to obtain a value, the oe | 
- modulus of elasticity was calculated for every test for different directions. ee. 


a 2 calculation of the elastic modulus was that corresponding to a pressure of as 


f 10 kg/sq. cm as indicated in Figs. 14 and 15. The values obtained are present- J 


the petrologic character of the rock in which structure, | texture and = oye 


: the vertical test chamber. ‘This variance can be explained by the variance of 


a has been verified analytically that the : equation can be applied if the aut Bere 


: Poisson’s ratio of 0.25 was assumed. The rock deformation considered for the © 4 


The E values vary considerably | for different thelial the lowest being ae : 
yi around 150 x 103 kg/sq. cm and the highest about twice the value obtainedin 


— 
> | — | Soe .—l 
_ These conditions a 
— 
ow 


Angus, 


Fig. 13. Pressure cell ‘disposition in the test chamber. 


ie compare the above results with values from the laboratory, two blocks” 
of different petrological type, selected as representative of the extreme types 
of rock that comprise the local migmatite, were cut into four smaller cubic _ 
sw . Some were tested parallel to 

the a: a axis, others parallel to the b: axis, and | some parallel to the c axis (see — 
16 and 17). The deformation was measured along the axis parallel to the 
of load results are presented in the tables 


— 


The deformation tests carried out. have shown the stresses in the 


_ stresses in the rock along different directions. The ies” 
a test, having a similar, somewhat smaller precision than the “Strain 
ath gage” test, presents the advantage of easier execution and may be 
jee BED cian out without interference with the work in the tunnel. For that — 
_ reason this test may be preferred to the ‘ “strain gage” test. 
Ew: The water pressure test results have shown a similar variance of defor- 
mation with different rock k directions as have been observed d by the 
ot] deformation tests. ‘The modulus of elasticity varies in accordance with 
; these directions. ‘The values obtained are rather low. This may be 
attributed to the geologic character and ‘the fissures the e rock, 4 
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3 TERMINA TION OF THE “MODULUS 
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2 results obtained in the ‘diekds and in the laboratory éon not aa a 
direct correlation of the modulus of elasticity. Tests c: carried out only Mey 
in the laboratory, on specific samples, which do not represent the geo- 
logic character of the rock, will be misguiding because of the unknown — 
correlation of the tests results in the field and in the laboratory. ag se 
6 The modulus of elasticity adopted for design | purposes was 200 x 103 4 aa 
cm an average of those obtained ome the test 
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of the. American Society of Civil Engineers 


'(Proc. Paper 1654, May, 1958. Prior discussion: 1951. 


The Engineering Behavior of Compacted Clay, 


: Predicting Seepage Under Dams on Multi-Layered Foundations, ies ton: 


by Paul H. Shea and Harry E. Whitsett. (Proc. Paper 1727, _ eres’ 
August, 1958. Prior discussion: 1951. Discussion closed. ) te — 
tiie Paul H. Shea and | Harry E. Whitsett (closure) . . 

Design Performance of Vermilion Dam, California, 
K. Terzaghi and T. M. Leps. (Proc. Paper 1728, August, a 


a 
a by K. Terzaghi and T. M. Leps (closure). 131 


Effects of Ground on Destructiveness of Large Earthquakes, a i 
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gn and Construction of the Ambuklao Rockfill Dam, = 
Montford Fucik and Robert F. Edbrooke. Paper 


A Review of the Engineering Characteristics of Peat, by 

Iwan C. MacFarlane. Paper 1937, 19599, 
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on WILLIAM LAMBE, 1 F. ASCE.—The discussers have contributed to the 
value of the paper by emphasizing certain parts, by pointing out parts that 
need clarification, and by noting parts that are controversial. The discussers a 
‘substantially agree with the author that the physicochemical approach to ‘soil | 


satisfactory answer to be given to all questions raised in the discussions (to 
| say nothing of those raised by engineers in letter and by word. ) The auth au 
will, however, attempt to answer most of the questions. 
‘Dr. Trollope is correct in pointing out that most of the principles of colloid- - 
al chemistry were developed for the dilute sols and, for the case at hand, 
| dilute suspensions of clay in water. The author shares Dr. Trollope’s concern 7. 
in using these principles for soil-water systems in which the soil phase ) = 
generally larger than the water phase. This point is discussed in the paper, “= a 
starting on page 1654-10; also discussed are other important reasons why the = 
theories of colloidal chemistry based on i idealized eee are elie limited 
quantitative value to the soil engineer. 
author agrees with several of the discussers that certain of terms 
used in the paper are not accurately descriptive. i The author attempted toem- — —F 
ploy commonly used terms rather than coining new ones. _ As the first sentence ae 
of the synopsis of the paper states, structure is a term referring both to the — 
arrangement of particles and ithe forces acting between them. As pointed out 
in the second paper (1655) the electrical forces acting between particles and — 
the externally applied forces are of necessity in equilibrium. Thus changes _ 
in the externally applied | forces must result in changes in the electrical peraoeell 
between | particles, i.e., one of the components of structure. At the present 3 ‘ 
p state of knowledge the ‘author finds it difficult to be much more precise in the ——- 


= 


‘a 


Bitis hoped that further knowledge will permit this. improvement, anda 


_ The author must disagree w with several points made by Professor Warkentin — 
and Mr. Yong. : The discussers state that the | double layer theory predicts « only a 
a small influence of surface charge density on the thickness of the diffuse ion- 


re 
layer. In arriving at this conclusion the discussers apparently a assumed 


a. Proc. 1654, May, 1958, by T. William Lambe. 
1, Soil Prof. of Soil Mechanics, ‘Massachusetts 
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Mr. Yong feel that is no need or an electri- “the se 
eal attraction to exist for soil particles to flocculate in a clay-water sus- _ “the sc 


—_— The author cannot accept this view. In fact, are > not the le discussers uncon 
_ implying a net force of attraction when they state that “. . . the particles ap- — Coolit 
each other more closely and act in unison... ‘pore 
1? om _ Professor Warkentin and Mr. Yong are correct in suggesting that « cement- i exter! 
a ing substances may help hold the particles together in natural clays. - The E creas 
author has presented elsewhere (Lambe and Martin, 1956) experimental evi- § elect: 
a - dence on the cementation of fines in natural clays by iron oxides, carbonates, 
i _ Professor Leonards takes exception to the relatively minor role the author ‘This ] 
E gives to any unusual structure of soil water. The paper uses the term “double- the ef 
layer water” in a general sense to cover all water acted on by significant at- availa 
; = forces from the soil. The innermost part, and most strongly held § equal) 
part, of the double layer water is termed “adsorbed water. ” See Fig. 7. ef 
: ; molecules of adsorbed water are undoubtedly oriented, those in the water : 
_ farther from the soil to a less degree. By ond are id 
a 3 The writer feels that adsorbed water has physical and | chemical properties — press 
quite unlike free water as would exist in a beaker of water. It, for example, highe 
_ certainly appears to be far more viscous than free water. This adsorbed that lc 
_ Water plays an important role in such phenomena as secondary compression tempe 
___ The double layer water beyond the adsorbed layer serves mainly to trans- limita 
mit electrical forces. The author explained soil behavior in terms of ad- 
2 sorbed water, electrical forces, and outer double- -layer water; the latter wath the pa 
= a structure and properties approximating those of free water. The _ and e} 
author sees no need to postulate any “ice-type” et this is water; he he «Lil 


does not feel there is conclusive proof of its existence. clays 


- Professor Leonards has done a commendable job in citing the literature to — were | 
_ show that soil | water | indeed behaves quite. differently from free water. The Fig. 4 

available experimental data have been used both by those who show that water § posite 
er ions as a single component in a clay behaves differently from free water — where 


and by those who have attempted to show that the unusual behavior can be ext 
a plained by the ions | with only a relatively sn small contribution from any neti 
a of the water phase itself. For example, Michaels and Lin (1954) — 
_ interpret their experiments on the permeability of kaolinite as proof that the 

; ee of immobilized water on the kaolinite was very thin, of the order of 
a 10K . Professor Werner E. Schmid (1957) used the same data obtained by all 

ae "g Michaels and Lin to help support his stationary boundary- layer principle, 

a “which attributes the unusual permeability properties | of clays to the existence 
: ; - On the basis of the theoretical principles presented in the paper, the author 
was led to the prediction that a decrease in ‘temperature wi would reduce the | _ | 
shear strength of a clay. Laboratory experiments (see Fig. 3) have shown > a 
that heating a suspension tends to cause the particles to stick together ads 
flocculate. Further, as discussed in the second paper (1655) on page 1655-11 
ah « _ there are experimental data to show that cooling a sample will cause it to ex- 
pand. These two facts are interpreted as an indication that a reduction in | 
ee — causes an increase in electrical repulsion between adjacent eo 

a author hes obtained experimental data on two different clays to show 
a sample, while maintaining pore zero thus permitting 
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“the soil. The Rosenqvist data, cited by Professor Leonards, 1 was obtained a 
‘unconfined compression samples (personal communication from Dr. Bjerrum). ae 
)- - Cooling an unconfined sample of clay could result in the development of higher ra 
J pore water tensions to resist the expansion of the clay. In other words, the  . 
[oath applied effective stress has been increased by the cooling; this in i 
crease in effective stress would naturally tend to offset the increase in Re 
‘The M.I.T. Soils Laboratory now has in progress a test program which, — af 2 
among other things, will obtain shear strength of clay at various temperatures. yo 
This program has not advanced far enough to permit a definitive statement on | q 
the effect of temperature on shear strength. In light of the data —— : 
available, the author still sticks to his prediction that (other things being - 


equal) a reduction in temperature will cause a decrease in shear strength if ie, Jk 7 
the effective stress remains constant. This prediction refers to a variation of 
temperature at the time of test. t. In other words, consider two samples which i 
are identical in ali respects; cool one and heat one while maintaining the pore — os 
pressures equal, e.g., zero; test the two samples; the hot one should have a ie ‘s 
_— higher undrained strength than the cool one. There is some evidence to show — 
- that low temperature consolidation may produce more strength than high 


ion temperature consolidation under the same pressure increment. | Additional _ 
“4 data may necessitate a more careful definition of shear strength or gael 


limitations or exceptions to the concept. 
.~ Professor Krynine has contributed helpful comments on several parts any 


wu the paper. The author heartily agrees with Professor Krynine that the nature — 
_ and extent of contact between adjacent clay particles needs additional study. 
_ Like Professor Krynine, the author would expect that, in general, marine ~ 

be clays would have a less dense structure than fresh water clays. ‘Figs. 4 and 5 
re to were not intended to : suggest. otherwise. _A structure such as indicated 
he | Fig. 4a (salt flocculation) is probably typical of the structure of a freshly de- 
vater posited marine clay. . Atypical fresh water clay should have a structure ‘some- 
ater | where between b (non-salt flocculation) and c (dispersion) or even between a 7 . 
» ex- § andc. It seems unlikely that any fresh water clay would be deposited in such i 
isual pure water as to permit an arrangement consisting entirely of edge~- ~face 


4) flocculation as shown in Fig. 4b and at the far left of Fig. 


‘ 


-the — The author suggested shrinkage upon drying as a crude and easily sell 

er of | measure of structure. Mr. Freitag’s procedure of measuring shrinkage oa i 
tos given relative humidity and then ‘measuring expansion under controlled con- — = i 
»,  § ditions certainly gives more information than a simple shrinkage measure- B” 

rence ent. Mr. Freitag’s method is, unfortunately, very time consuming. = = ~~ 
§ In conclusion the author would like to express his appreciation to those 


prepared and submitted discussions to his paper. ve nar heath 
(ome 
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THE BEHAVIOR OF COMPACTED CLAY@ 


-T. WILLIAM LAMBE,1 F. ASCE.—The six discussers have added to the 


<a of the paper with their comments. el The author will attempt to + sala 


particle orientation, the permeability of a soil becomes non- ie na with the 
permeability being less for flow perpendicular to the long axis ofthe plates — 
than for flow parallel. In other words, one-dimensional compression inthe _ de 
vertical direction will line the particles, horizontally; the ratio of horizontal to ba 
ays The author had hoped to use this concept to measure particle orientation in 
a soil mass by the ratio of vertical to horizontal permeability. While the con- 
- cept is apparently sound, the differences in permeability with direction are 
usually relatively small (typical ratio values of 2 or 3). This fact (along with 
- others) indicates that a high degree of particle alignment can occur in zones a 
with different alignments between zones, i. e., ., random oriented packets of o a 
Mr. Yong and Professor Warkentin have misinterpreted Fig. 2 of paper = 
1654. Fig. 2d shows that increasing the temperature term in the theory ex- 
pands the double layer; however, the increase in _ temperature affects the Ge 
electric term to such an extent that the influence of the temperature term it- 
self is reversed. In other words, the net influence of a change in temperature is 
} and the corresponding change in dielectric term is an expansion of the double _ 
—} layer with a decrease in temperature. This combined effect is shown in oaeet 
That an increase in temperature generally tends to cause flocculation is an 
experimental fact (see illustration of this fact in Fig. 3d, paper 1654). tal 
fact can be explained solely by the classic double-layer theory (Fig. 2e, paper _ * 
1654). There is a component, not covered by the ‘Gouy- Chapman theory, to 
temperature’s 


the rate of force dissipation between dipoles by tending to give a more uniform bs. 
‘orientation distribution inthe dipoles. 


Mr. Turnbull of Australia has raised objections th that ‘He 
states that the two soils for which permeability data are presented in Figs. 1 ce 
and 2 are not “true clays” and “. . . would not contain any appreciable pro- ‘Lt > > 
portions of true clay minerals . . .” Both soils behave as clays and 


— 
— 
Professor Scheer wonders about the differences in horizontal and vertical * 
permeability as a function of structure. As one would suppose, the flocculated 
— 
4 
4 
a 
b> 
— 3 
— 
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contain “true” both, however, contain silt and sand size parti-— 


cles. The Jamaica soil termed by the author as “sandy clay” contain about — 
» kaolinite; the Siburua clay contains about 50% of “true” clay minerals— 


i 4 prepared mixture of 10% montmorillonite clay and 90% sand will have mie 


_ permeability much closer to that of 100% montmorillonite than to that of 100% 
_ Mr. Turnbull has used the optimum water content as an indication of the — 

behavior of a clay. unsoundness of this is clearly shown by the 


following test data (Cornell, 1951), 


OY Sie 


book on testing; tempering was 


oa These data should suggest caution to Mr. Turnbull in the broad use of opti- 


‘The compaction tests employed the procedure described in the author’s 


Mr. Turnbull and the author are apparently far apart o on their c concepts of 
- shear strength. Much of the difference may reside in lack of conformity on the 


ny i. meaning of terms. A complete answer to all of Mr. Turnbull’s objections to | 


the paper would have to be preceded by an agreement of definitions. , In both 


“effective” stress which is equal to the combined p 
pressure. ‘This definition of stresses is widely Any capillary ‘ay i: 
pressures would have been properly accounted for, = = 


have negative pore water pressures. The author stated (page 1654-22) that the 
pore water tensions dry of optimum would be greater than those for com- _ = 


. Mr. Turnbull is correct in stating that clay compacted wet of optimum can 


 paction wet of optimum. That this can be true is shown by the following “iF 
Ao perimental data obtained by Mr. Solorzano, a thesis = of - author: 


re ary of optimum; pore pressure = = 0. 4 kg/cm2 
Optimum; pore pressure = -0.3 kg/cm? 
ses wet of optimum; pore pressure - = -0.1 feat.” 


<b 
e In view of Professor Salas’ pioneering work on soil structure, his dis- a 
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“as the reader will see, several 6 of 
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‘ 
has not completely solved the funda ‘ 
author started paper 1654 with, 


this paper as the final word 1 but rather as a stimulant and, hopefully, a 


to further studies on this complex subject.” 
_ Professor Salas apparently differs from the author’s view that sufficient — 
tenes and time ¢ can transform a clay into a system that will not — 


ries . “attempts to use numerical equations 
based on colloidal theory in soil engineering problems have met with failure» 
yh The author, as does Dr. Trollope, , doubts that theories developed for 
"occurring in the typical natural soil, 
a __ Professor Salas has presented an interesting approach to soil structure + 
_ which is based entirely on energies rather than on energies and forces. The 
author would feel that the force approach, as used in the paper, is superior, _ 
_ especially for natural clays, since it better allows one to consider forces (such 
as to edge- -to-face linkage) which are ignored in the colloidal theories. 
Ek Professor Salas takes issue with the author’s view that an increase oe : 
- electrical repulsion results in a decrease in strength and an increase in _ 
traction in an increase in strength. Professor Salas cites as his 
“the greater the external force, the greater the repulsive forces... shear 
strength will be greater...” Increasing the external force increases not cae 
the repulsion | component but also the attraction and the interaction components -~ 
because the force equilibriums stated on page 1655-16 exist. The concept in 


the paper is right, , but not as clearly presented as it could have been. : _The 


= 


concept with the principles of structure is helpful. 


7 The author strongly endorses Dr. Trollope’s view on the importance of 


| In conclusion the author expresses appreciation to those who prepared dis- 
‘enn to his paper. They have emphasized both the importance andthe | 
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Closure by Paul H. Shea and Harry E. Whitsett 


ip PAUL H. SHEA,! and HARRY E. WHITSETT.2—The authors wish to aod. 

mend Mr. Cedergren for demonstrating the practicability of graphical con- os 
struction of flow nets for estimating seepage through multi-layered foun-— ‘ 
dations of impervious dams when the permeabilities of the various layers 
differ greatly. In cases in which the authors’ approximate analytical solutions _— 


layer of the foundation highly permeable, flow net construction is the only 
method available. However, the mathematical ‘solutions, whenever 
applicable, present some compelling advantages ati 

If a soil is homogeneous but not isotropic, a transformation of scales is a a. q 


-_ | needed before Laplace’s equation will apply, making possible the use of flow 


| nets in the solution of seepage problems. The transformation can — 
_ shrink dimensions in the direction of greatest permeability or stretch di- 

_ mensions in the direction of least permeability because the flow net is de- 

| termined by the shape rather than the size of the region. The permeability — 


value used for the isotropic transformed section is so selected that seepage = 
rates are the same in natural and transformed sections. AK ow ee 


ag 


‘blanketed aquifer in which both materials have permeabilities that are > differ- 

ent in horizontal and vertical directions. In each region the above consider- 

dimensions only. This involves no slipping between the | regions at 
_ their common boundary. Even though different transformation factors may be 
_ required on the two sides of the ‘boundary, continuity of head and of the vertical — a 
- component of velocity at the boundary are preserved. Thus, the — 


is acceptable. _ These assertions can be justified mathematically (see Appendix - 
A) ‘The extension to cases involving m more blankets and aquifers is obvious. <> 
mathematical method. In the case of one blanket and one aquifer, Mr. a... 
_Cedergren’ Ss charts and the mathematical | solution are e both | acceptable and are = 
about equally convenient. . The construction of a flow net would require much | 
more time and effort. Extension of Mr. Cedergren’s charts to cases of more eS = 
than one blanket and more than one aquifer is not feasible due to the great we 
number of charts required by the | many possible permutations of thicknesses _ 


a Proc. Paper 1727, ‘August, 1958, | by Paul H. Shea and Merry E. Wetiestt. 

Mathematician, Foundations and Materials Branch Army Engr. Dist., 
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and permeabilities of the | soil strata. “The of flow nets in these 
= cases may be a relatively simple problem for an expert with wide experience, 


neer. . Applications o of the mathematical solutions require n no special skill— 
y arithmetic and elementary algebra are needed. 


equation will apply and the graphical construction of a flow net will be practi- 

cable. ‘The ‘difficulty here is that the transformation factors are seldom if 

ever known accurately and are often unknown. Uncertain values of 

= _ transformation factors require that even a precise solution of a boundary value 
es problem in the transformed section be regarded as an | an approximate so solution of 


x Pe . field conditions conform sar to the stated assumptions in the 


effect upon the approximate analytical solution of a seepage Thus, 
a 5, the transformation factors need not be known. A field pumping test of the type 
described in the original paper provides the only really satisfactory method 
obtaining the permeabilities required for underseepage computation. 
‘F Permeability values obtained in that way are those in the desired directions— 
in the blankets and horizontal inthe aquifers. 
the discussion a numerical example was given: _ 
0.04 th = 0.0/ , 
The rate, Q for a one of the is to be 0. 
Cubic feet per minute (using shape factor from Table I, p. 59). Solution by the . 


| 


| 
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— compa 
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i Computations. It can be demonstrated (see Appen at the transior- 
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a he form of the equation for un 
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fe... 


B= + Zo. . The expression | in brackets Mr. 
; Cedergren’s shape factor. Values given by this expression were found to 


fer from those e given by the ome factor charts by less than = = al 
adi sity <1000, and by less io 10% when 20< — <2 200. It is believed | that the 
3 "discrepancy eae values given by the two methods when 7 is is large is is — 


most penton to the difficulty of csduninuatii of the flow nets since ai accuracy 
of the analytical n method should increase il increases 


cases where the assumptions of the authors’ approximate 

( reasonably well met, either — nets or the mathematical solutions maybe ~— 


of requiring no 0 knowledge of the relative values of permeability in the hori- ioe i 
zontal and vertical directions, provided that the permeabilities are obtained _ 
from pumping tests. A ‘second advantage is that the mathematical solutions om « 
can be used by any one with a knowledge of algebra, and special skill in the art oa 
of flow net construction is not required. — For the average soils engineer, ue eS 
of the mathematical solutions will | save much time in a problems in- 


} to facilitate 4 3 
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Proof Different Transformation Factors Can ad for 


Blanket and Aquifer 


x-axis lies within it. Call the regions above and below the x-axis regions bal 
and 2. Let each region be homogeneous but not isotropic with respect to se 
permeability, the > greatest permeability being either parallel to or perpendicu- 


_ lar to the x-axis. . The solution of the problem siaietiah consist of solutions, oa : 


Pj must satisfy the boundary conditions upon its region. The 
te ‘solutions, Pj, in the two regions must together satisfy conditions of continuity 
of hydraulic head and of the normal of velocity at 


of the two regions: 


4 

a 


en If there are ‘no sources or ‘sinks in the regions, then the Pj must be bounded 


transformations 


“transformed, Eqs. (2) and (3) will have sensible physical meanings only iftt the 
This 1 requires that i 


where is a constant. 


: equation pai to them. If rates of flow are to be determined in the ‘cae 
formed section, then the isotropic permeabilities there, kj, are 
parts of the natural and transformed sections 

7 7 


=. 


— | length dy 
— 
— 
ad 
: 4 
q 
Thus 
( 
| But 
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4 “Disc USSION 


must be ‘simplicity, 
ing dy located at a (a, 


Sy = 


4 


Since 8 serves ot to determine the size of the 1 ees regions, we may = 
set i =1. , The transformations alter Eq. by placing ar an on 


ae 

al element of 
a 
— 

iz 

4) 
‘ Thus 

= 


7 ‘gl each case, the underseepage, Q, per unit length of dam is a function of TF of ver 


7 or the head differential, H, the base width of the dam, L, and the transmissibili- in the | 
= _ ties of the soil strata, cj The transformations required for a solution of the ] the pay 
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DESIGN N AND > PERFORMANCE OF - VERMILION DAM, , CALIFORNIA® 


Closure by | K. Terzaghi and T. M. Leps_ 


j 


. TERZAGHI, 1 Hon. M. T. M. LEPS,2 F. ASCE.—The authors 
were particularly pleased to note that their paper stimulated six engineers, — 
who were closely associated with the design and measurement of performance 
of Vermilion Dam, to draw upon their personal experiences with the project — 
in the preparation of discussions of the paper. Each discussion 
the paper with valuable thoughts and experiences. tp). irae. +e 
_ Mr. Dickinson outlines the design and successful performance of the outlet , 
conduit through | the dam. This reinforced concrete, articulated joint conduit 
was founded on heterogeneous glacial debris having a depth of over 200 feet. 
Mr. Dickinson mentions that a maximum settlement of 0.27 foot has been 
‘measured in the conduit. This occurred under a maximum fill height of 145 
feet. The reason that settlement was so minor undoubtedly lies in the finding « 
of our engineering geologists that the site had been glacially pre-loaded by at re, «: 
least several hundred feet of glacial ice. The conduit was actually designed | - 
to take much more than the limited deformation expectable under the “pre- 
load” concept; and actual experience proved that it could safely have been de- | 
Mr. Kiely emphasizes the degree of flexibility in design concepts r maintained yo 
throughout the construction period by the engmeers and the owner. This, tog 4 
| 
ments this theme with ‘special reference ‘to ie Seations of the Consulting a : 


Mr. West presents a particularly valuable analysis of ithe wi underseepage ex- 

| perienced at the dam and isolates the significant effects of varying meteorologi- 
cal conditions from the more obvious consequences of changes in reservoir pai 
si Dr. Birman, who sp spent n many energetic ‘months | in detailed geological e exami- 
nation of the damsite and reservoir area, sheds further light, from a glacial se 
geologist’s viewpoint, on why the damsite was considered and is adequate for ie a 
supporting the dam, as it was built. ay Wi 


_ Mr. Laverty presents the program 2 which was adopted to check on the ,. 

formance « of the dam, , and pays tribute to those w who have so diligently and 

painstakingly made the required observations. 

_ Thus, the discussions which have been presented can be viewed as most 
valuable to the Vermilion Dam. authors to 

a Proc. 4 1728, August, 1958, by K. Terzaghi and T. M. Leps. nals 

1. Prof. Emeritus, Harvard Univ., Cambridge, ‘Mass. 

of Organization & Procedures ormeriy Chf. Civ. Engr. 
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express their great appreciation to the individual discussors. They also are 
gratified to learn that the paper, with its discussions, is currently being used rin 
some professors of soil mechanics, such as Dr. R. “Whitman of M.I. 
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Closure by C. Martin Doke 
DUKE,! F. ASCE.—The discussions by 1 Mr. Eremin 
Mr. Ambraseys have treated, respectively, the design implications of the Pita 


paper and the response of soil to seismic stress. The author appreciates — . : 
The empirical data available to date clearly point to the probability that ai 


 shineaaiiae of the structure and its foundation, together with the character of — = 
“the ground, determines the destructiveness due to a prescribed a 
} motion in the underlying rock. It is evident that certain types of ground favor 1: 
certain types of structure, but the author is ‘unable : in the present state of 
knowledge to “quantify” this influence. Mr. Eremin’s inferences that * “rigid 
frame structures are more resistive to the earthquake shocks” and that - - 


and of good construction with modern materials. 
_ The author certainly considers the findings of soil mechanics as co 
to the problem, but the paper was deliberately limited in scope to the data ob- 
tained in large earthquakes. Such soil data as would be pertinent were largely 
unavailable, even for the recent United States earthquakes for which U.S. 
Coast and Geodetic Survey accelerograms have been obtained. A current ac- 7 
tivity of the Earthquake Engineering Research Institute is directed toward _ . 
future procurement of extended instrumental records, along with soil data 
which would permit the approaches outlined by Mr. — oo: 
_ The soil features which Mr. Ambraseys has discussed would all seem to 1 re- 
quire and justify research: strength under earthquake loading conditions; 4% 
| positive and negative dynamic pore pressures; post-earthquake soil defor- 
| mations; and parameters needed for computations of ground response. Itis _ 
| hoped that soil mechanics will embrace these kinds of studies as well as ana- 
| lytical, laboratory, and field studies of the earthquake- ground-structure AE 
system. Ih further qualification of this point, it is important to distinguish be- __ 
tween very small soil stresses, which can probably be treated by the usual ay 
viscoelastic theories, and stresses in the vicinity of the soil strength. : For any ‘¥ 
practical situation there will be certain geographic areas and certain soils lar a ; 
that will be only slightly stressed. In the present state of the art, it is not ere 
clear to what extent soils will be stressed into the strength range in| earth- " 4 
quakes. In large shocks, ‘such high stressing | is probable, in the author’s a 4 
Proc. "Paper 1730, August, 1958, by ( C. Martin Duke. 
Dept. of Eng., of California, Los Angeles, Calif. 
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_ In answer to Mr. Ambrasey’ 8 3 four ‘questions: ene 


take account of the stress reversals or the load frequencies associat- 
ed with destructive earthquakes; 
iL studies currently under way at the University of California, Berkeley, 
by H. B. Seed, will contribute to better understanding relative to (II) _ . 


A the author « does not ‘not possess data on | damping or S- “wave | velocities at 


4 ‘Two co corrections should be made to the pz paper as published in “Proceedings” 
(1) The e bibliographic reference numbers used in the text are correct through | 
- number 44; thereafter all numbers should be decreased by one e. (2) The pro- 
vision for “California Schools” on page 11 was effective in 1948, but subse- 


quenti the differentiation among ground types has been 
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Hod od 
OF TERMS AND DE IN ‘SOIL ME 


"Discussion by Peter B. Heidema 


_ PETER B. HEIDEMA, 1 | F. ‘ASCE. ay page 1826-2 of the Soil Mechanics 


rough a “It is therefore recommended that this glossary be published in ithe 

Journal of the Soil Mechanics and Foundations Division of the Society, et ; 
=|" whereby discussion will be invited” (underlining by the writer) and: a 
____- *To focus attention on those terms the definitions of which are 7 


- ticularly controversial, it will be noted that some of the terms in the % 


; = are designated by an asterisk. It is hoped that these terms 4 
will receive full discussion.” by the writer). 
The writer lixes to take a advantage of two “ “openings” the 

‘following, perhaps too lengthy, discussion. Opinions expressed ir in the dis- 

cussion are not necessarily those of the employing agency. 
With respect to the title it is suggested to insert the » word “ notations” in the 
title and to make this: “Glossary of Notations, Terms and Definitions”, be- __ q 


cause the “notations” are the most important item of the Glossary for many pe 

__ Whenever the Glossary is consulted, it will be most pay to look up the 
correct “notation” to be used. For instance, the writer has seldom had oc- Bs 5: 
—casion to look for a definition but has practically worn out his Copy | of the 1941 “a 
ASCE Soil Mechanics Nomenclature looking for “notations”. The writer sug- 
gests also to try to split up the glossary into two parts, firstly, a practical on 
part, containing the terms, one term for each subject, , and their | “notations” and 

: secondly, a more theoretical part in the form of a soil mechanics dictionary — a 


a 


containing the terms (all the terms, including those coined and invented to pias. 


i: notations” ” by people who do not have the time to leaf through a great number 
of ‘pages. “The writer considers the issuance of the second part optional. 
rn a The | Glossary appears to be geared too much to people whose job it is to ; 
write a good report ora good article for a magazine but it is just too slow for 3a 


date) and their definitions. This would save considerable time in looking up 


¥ people who work in high pressare organizations as ‘many soil people do. _ Split- 


_ It also appears that quite a few terms, which are being used in Ree ey 
on the physio-chemical properties of clays, are not in the glossary. A bak oe 
dictionary of just soil mechanics world take care of this matter also. 


a Proc. Paper 1826, October, 1958, by th the Committee on Glossary of Seems 
Soils Engr., International Passamaquoddy Tidal Survey, Corps of 
Engrs., U. Ss. Army, New Div., Mass. 
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The terms and definitions are, generally speaking, more definitely fixed in’ C 


na a a peoeun! s memory than the “notations”. . The main reason for this fact is that 
o are easier to remember but another reason is that a person dealing | ae 
_ soil mechanics has found in the literature various “notations” for the same 
term or various terms represented by the same “notations”. As this can be be 4 
quite confusing and somewhat time- -consuming, the writer has tried to. wan 
. standardize what he calls the ‘ “notations” ' for lack of a better word or for a 
of a word which is or may be in . general use but of which he has no knowledge. | 
r— The writer does not like to use the word “symbol” and the Committee evident- — 
dy does not like it any more either because it has changed the title from “Soil — 
Mechanics Nomenclature, , Tables 1, 2, 3, , 4 and 5” to “Glossary of Terms and 4 
_ Definitions in Soil Mechanics”. ‘This is a decided improvement over what we 


3 had but it is not enough, because it leaves out the most important items as ex- q 


Ex. One of the reasons that the writer has always shied away from the use of 
the word “symbol” is that every time he tried to use it he had to go through a 
_ great deal of explanation to make clear to the newcomer in soil mechanics pee 
just what he meant. And if a person looks up in Webster’s dictionary the expla- 
- nation of the word “symbol”, it becomes clear why so much explanationis __ 
. necessary. . The essence of what is stated there starts like this: “A symbol i " 
a sign by which one knows or infers a thing”. thle is not so bad, _ except for 
the fact that when one looks up the word, “sign”, he finds that it can be among ; 


a multitude of other r things: “A. conventional symbol an as 
But then, staying with the word “ “symbol”, , Webster goes on under 2, as 
follows: “In writing or printing, a conventional sign, such asa character, a a 
“letter, or an abbreviation used instead of a word or words” ‘Her re then 
suddenly are three things that a symbol could be, and neither of the tires can 
really be called a sign. - And even if one of the three, say a character, could — 
be called a sign, the other two would still cause, and do cause endless ga 
_ and confusions. So, the writer is very happy to see that the Committee has | ! 
"eliminated the expression “Symbol” from the Glossary and he hopes that it will | 


for or good. In soil mechanics the expression “symbol” , if it is used 


= 


or characters; also, any system of symbols or abbreviated expressions 
in an art or science (underlining by the writer) to express technical facts, 
quantities, etc. as, musical notation, ‘mathematical notation”. —iItis for 
reasons that the writer likes to introduce the expression “ “notations” in the — z 


‘The writer is 's also very ery happy 2 about the fact that the ( Committee has adhered 
+‘ alphabetical order, through thick and thin, as he calls it. This is one more | 
ae definite improvement. _The writer has gradually come to the conclusion © . 

that alphabetical order is all that one needs. Everything additional, including — 
be: numbers and numbering, are superfluous and oftentimes confusing. | ‘Numbering 
or is definitely not a good system because it does not allow for insertions. One 4 

can add ‘something at the end only but one cannot add ‘something a at the seated 
and what is still more embarrassing, one cannot insert anything without upset- 
ting the entire numbering system. For these reasons the writer expresses | 


hope that the Committee will carry out its intentions and omit the numbering 
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“the references starting with “ “see”. These “see” references cause a loss - 
time and decrease the efficiency of the s ‘set-up. It is sort of a nuisance and 


- disappointment when a person, who is trying to look up a “notation”, arrives * . 


at the spot where it should be according to the alphabetic set-up and is then di- 


rected to look somewhere else. _ For instance when he looks up “C” horizon, 
the glossary me tinge Horizon” instead of telling him what the “ee horizon i is 


With ‘respect to the explanatory the preferred 
under “1. Dimensions” an “M” for mass instead of the for force. In 
his opinion a force is completely defined by the basic dimensions “LL, “* ae 
and “T”. However, he realizes that “F” for force ‘ce appears to h have ‘gradually . 

crowded out the “M” for mass. 
At the end of the “Explanatory Notes” and the beginning « of the “Terms ant ; 
_ Definitions”, the latter should have been announced in some way . AS it stands, 
_ there does not seem to be any separation between the two subjects. pacles * + 
i The writer has deliberated at length just how to handle the discussion of the 

_ “Terms and Definitions” and h has decided, for better or for worse, to discuss a 
the items in the same order as they stand. He will not mention those items oll 


- with which he is in complete. agreement, regardless of whether they carry at 


With respect to the material under “Terms | and Definitions”, the writer is 
oft the opinion that too many new terms and “notations” have been coined and 
invented during the past 35 years with the result that it is becoming increasing- 

ly difficult to see the forest through the trees. He suggests to returnto the 

relative simplicity of 35 years ago and to cut out all unnecessary terms and 
“notations” which duplicated others already in use. | These | unnecessary terms 

_ and “ “notations” 7 tend to confuse people who are not specialists in soil ‘me- - 

: _ chanics and only make the subject look much more complicated than it is. = 

- fact, there are so many terms and “notations” in existence now that even an 
en does not know any more which one to use and when. The writer also be- 

_ lieves that too many authors have coined and used too many terms and that the _ 
time has come for standardization. The writer is too strongly reminded of the 
days in Europe before ‘normalization came along, when every manufacturer in- 

; "vented his own bolt and thread sizes so a competitor could not use them. It 

‘ does not make for efficiency and expediency when a reader has to switch from > 

ri one set of “notations” to another as he goes from one text to another and ” La 
becomes downright confusing when one certain “notation” can have two or more 

x different meanings. So, as the discussion progresses, the writer ae to aay 

towards what he prefers to call standardization. 
a addition, the writer likes to make the following comments: _ os ft 
S. It is suggested to leave a space and to place a ‘Capital letter at every change _ 

_ from one letter of the alphabet to the next one. 

k — Of the terms which have been discussed, only those underlined are cry ak 

ay If the glossary as it stands now is not to be split up ina “Glossary of terme 
and ‘Notations’ ” and a “Dictionary of Terms and Definitions”, as suggested by | 

i the writer, it is s proposed that the definition be given in all cases where * can- 
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Committee, but the writer is of the opinion that it will not do any harm to ail 
it to the fore. Also, he is aware of the fact that many of his suggestions and — @ 
_ proposals do not merit consideration, but he feels } that he is | entitled to reece 
_ | ‘Whatever the writer has added to the enormous amount of wets already 
: by the Committee, , is intended only as suggestions and is 5 SO indicated. It f 
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is hoped that it will be so considered and not as criticism. 
_ Throughout the Glossary, as presented by the Committee, the writer was pad 
_ impressed by the extreme clarity and remarkably excellent and unmistakable a 


_ Starting with the letter “A”, we then have or could have: th ee 


4 suggested t to this term and its definition here. 


an It is suggested to use the term “Allowable Bearing Value”, and the notation 


It is suggested to reduce the | two “notations” to one and 


a Reduction t to one of the four “notations ” mentioned is suggested. Also, ‘it is 
- suggested to use | «§? as is already used for the angle of external friction. YS 
This should not cause confusion because the angle of external friction is ag 
nothing but a special case of “The angle between the direction of the resultant - 


stress or force act acting on ag given plane and the normal to that plane” He The hss 7 
writer cannot see a valid reason to use four additional “notations” Eas! 6% +3 P 


Bee Limits, together with a definition of same, should be inserted wee 4 


Decrease in one dimension of a bar of soil, , expressed asa siaciedlliaa . 


“Soil Binder” under the ™ 


ion 


e 
Co 
elu 
| 
Co 
a «(Co 
all 
4 
pre 
pre 
| 
Co 
Ea 
bar 
| 
Co 
fut 
“specie” to “species” is s 
lace the definition under pos 
: ions” to one and preferably 
Pu, representing the ultimate pile Dearing | 
is suggested to place 


USSIO. 


‘It is suggested to place this term and its eae here ; and to use sia 


— 


Clay Size 
> It is suggested to change thi this to to Clay Size: 


It is suggested that the definitions for “ “rounded” and -rounded” be in- 
Bis euggestedto omit (see below). 


Coefficient of Compressibility (Coefficient of Compression) 
___-It is suggested to use the term “Coefficient of Compressibility ” only, for ites 
. all future work. Also, the writer would prefer to insert the mrt 


- 


Bs: and to call it the tangent of the angle, which the pressure-void ‘ 


‘pressions. on n page 225 of his book. 


Coefficient of Consolidation 
It is suggested to change in the to 


Coefficient of Earth Pressure, Active, At Rest, Passive 


ag 


"Earth Pressure Ka, the Coefficient of Earth Rest to to Ko, ‘and 
Coefficient of Passive rth Pressure > Kp. to change the letter p in Kp 


Reaction” under the letter “mM”. _ The modulus could be defined as “the tangent — 
- of the angle which a line, passing through the origin of a load versus settlement — % 
i plot and the | point representing the load for 0. 05" settlement, makes with the a. % 
_ positive x-axis. The load-settlement plot represents the results of a plate we 


load te test, a inch or ‘greater diameter piate® ‘et 


If the coefficient of absolute viscosity is s intended 1 to be the > very same thing 
bs the coefficient of viscosity, it is suggested to replace the parentheses by an aa 
- equal mark. If the coefficient of absolute viscosity is not intended to be exactly 
_ the same thing as the coefficient of viscosity, it should be listed separately. << ‘ 

If it is, it seems that it could be omitted. It is further suggested to insert here _ 


the coefficient of kinematic viscosity. See definition of the term “Soil eae 


‘It is suggested to and to change 20° 

ni | Coefficient of Sut of Subgrade Re Neaction (Modulus: of Subgrade R 

It is 3 suggested to term “Modulus of Subgrade Reaction” only, f for all 
future work, with the “notation” and to move it to “Modulus of 


TT) 


| 
— 
q 
4 
| 
( 
y to. 
| 


Coefficient of Volume Compressibility (Modulus of 


- It is evident that what is meant here is what Professor Terzaghi called “the 
‘coefficient of volume change”, either decrease or increase. The writer does — 
not understand the necessity for coining two additional expressions and sug- 
gests to drop both and to continue to call this the coefficient of volume change. 

om i is further ‘Suggested t to continue to call the a void ratio “eg” and not a! 


~ Compaction Curve (Proctor Curve) (Moisture-Density Curve 
i It is evident that these expressions stand for exactly the same ne thing. It is = 


therefore su suggested to replace ‘the parentheses by equal marks c or, better yet, 
4 to simplify things by dropping two of the expressions and to settle for one, 


preferably the first one, because it has two syllables and because it is about — F 
rh as expressive as as it could be. It is further suggested to delete the word “densi- — 


The expression water content reminds the writer too much of water contained — , 


: ” from the definition and to replace “water” in water content by “ moisture” 


in a bucket and certainly water does not occur in . such concentrated form ina _ 3 


 Itis suggested to reduce the number - of terms from two one 
bly to “Compaction Test”, for all future work. 


It is suggested to change the definition as follows: “The tangent of the owe 


angle between the linear portion of the pressure-void ratio curve drawn on bs 


| a semi-log plot with the positive direction of the x-axis”. This expressionis 


; believed to be more unmistakable and automatically takes care of the minus az 


Compressive Strength (Unconfined Compressive Strength) 
7 It is believed that it is generally understood that compressive strength and 7 


; _ unconfined compressive strength : are not identical. If they are to be con- 
: ‘sidered identical, the parentheses should be replaced by an equal mark. If 


they are not to be considered identical they should be listed individually and F 


individually. writer feels that they are not identical and that 


compressive strength has a more general meaning such as the compressive > ai 


strength of steel and concrete. He, therefore, suggests to eliminate the  .. 


pression “compressive strength” and also the “notation” this term, 


because it could be mistaken for preconsolidation pressure. a 


-jecae is suggested to define it here and not under “Relative Consistency”. . It is 


= ‘proposed to use the “ notation” “CI”, and the “notation” “I” for all indexes. 1 kag 


in this glossary and to introduce the “notation” “CD” precedingtest. 


This “notation” is suggested as an insert. 


Consolidated-Drained Test 
Pie It is suggested to eliminate “(Slow w Test)” in. all f future work and — 


— 


| 


Q 


| 


ff. 


4 
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4 
7 
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al 
a 
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4 an 
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s 
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t 


Weis su — to state right here what it is and | to give the “notation” 
4 


"DISCUSSION 


: It is suggested to eliminate “(Consolidated Quick Test)” in all future work bay 
_ and to introduce the notation “CU” preceding test. It is further suggested a “4 


change “triaxial test” to “triaxial compression test” and “water content” to wel 


This “notation” is suggested as an insert. 2) 


Initial Consolidation (initial Compression) 


It is suggested to omit “(Initial 1 Compression)”, for all future work. — 
Primary Consolidation (Primary Compression) (Primary Time 


It is suggested to ) retain tain caly the expression “Primary Consolidation” on", for 


Secondary Consolidation (Secondary Compression) (Secondary Time Effect) mi ‘ 


«It is suggested to retain only the expression “Secondary Consolidation”, for 


and to change this expression to “Consolidation Versus Time Carve”. 


_ place the words “Consolidation” and “Time” in the order shown is just another — - 


novelty because these curves always were called time-consolidation curves. __ 
_ ‘The writer can see no ) pertinent reason to reverse the order of the words ia ¥ 
_ “Time” and “Consolidation” unless the word “Versus” is inserted. It Bee) ats 
suggested to change | the expression “degree of consolidation” 
“amount of consolidation” as the degree of or the percentage of consolidation — 


Critical Circle (Critical Su rface) a 


_ It is suggested to split this item in two and to give a definition | for each on = 
cause they are two different things. For “Critical Circle” the writer suggests — : 
the: following definition: “The sliding circle assumed ina two-dimensional — 
‘slope stability analysis for factor of safety 


__- It is suggested to define right here : just what it is vend to give en 


The to the remarks made under “Critical Circle? 


Deflocculating Agent Agent (Deflocculant) (Dispersing Agent) 
 Itis suggested to continue tt the use of the term “Deflocculating Agent” only, $ 


si- 
pe 
— 
oil 
lingly 
ae 
] 
» 


‘Degree of C Consolidation (Percent Consolidation) = 
* Itis suggested to use, for. future work, the term “Percent Consolidation” 


cn and ony “Percent 


: P Me... is suggested to use, for future work, ‘the term “Sensitivity Ra Ratio” realy, 


probably have been “Remolding Sensitivity 
y 


The ~~ ‘The expression “Density” by y itself should never be used in n soil mechanics, 
 sdbaatian to the writer, because its use has led to endless confusion in soils : 
laboratories, on construction jobs and in all sorts of literature, technical —_— 
magazines in particular. The writer to delete this term, sending by 


It is suggested to ae the “notation” “6 ” only and to eliminate all other | 
possible “notations” for this term in the future. con. 


is suggested to delete this term, as mentioned before. 


sid) 

It is suggested to move this term and its “notation” to “Unit Weight” under | 

“the letter » “U”. ‘The writer suggests to drop the term ary density, even though 
_ it is shorter, and prefers to use the term “Unit Dry Weight” over “Dry Unit 
Weight”. He considers the term “Dry Unit Weight” another one of these novel- — 
«ties that only tend to confuse the issue and that little if betterment 
alue attached to them. 


~~ The writer suggests to place the explanation right here, or, better yet, to = 


it ~_ sugpeetee to insert “Total Pressure” ” after “Po” and “Unit Pressure” | 


suggested to insert “Total “Pp” ” and “Unit Pressure” 
after “Pp”: Also, it is suggested to change “pp” to “pp”. Be 
is suggested to insert the term and its definition 


| SM 
| 
7 Effe 
| 
Effe 
suggested to delete this expressi 
ation” with the one word-spelling of Per 
| Effe 
2a the letter “S”. The definition of it should perhaps be stated right here. Also, | Equi 
misnomer and should _ it 
Equi 
Exce 
nece 
letec 
Filte 
— j 
Floc 
It 
Flow 
it 
for a 
| Free 
Surfs 
It 
to pl: 
2 Grav 
lowe: 
only, 


. | is suggested to discontinue the use of “Effective Diameter” and of “ i*De”. 


_ It is suggested to define it right here, if i it is is necessary to ret: retain this term, 


Effective Porosity (Effective Draina ‘wal 
is suggested to delete the term “Effective Porosity” for the 


_ It is suggested to place the definition and the « notation” here. (See above). 


«Equivalent Size”, 


‘There appears to be a the last line of the definition. 


| is suggested to place the definition the here. 
Fa 


Gravel 


Honeycomb Structure 


‘i It is suggested to place the definition here, at least if it is considered — 
necessary to retain this term. anal The writer would not miss it if it were de~_ 


& It is suggested to define this term and to ¢ give the “ “notation” “FME” bo 


the definition and to place it under the letter “P”. This would result in the | 
elimination of one more term. 


a It is proposed to use the “notation” td only, for | future wit, ais elimi- 4 


_ The writer still favors retaining the #10 sieve or the 2 mm. size as the 
lower limit for gravel sizes and further suggests to name this term Soll yi 
Sizes”, as was done with the “Clay Sizes”. 


_ It is suggested to eliminate this term and to use the term “Capilinny Rise” 


Le : 
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= 
(ae 
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— 
by 
1 
ath — 
4 
— 
= 
vel- 
© [ior all indexes and to qualify it by a 
Free Water Elevation (Water Table) (Ground Water Surface) (Free Water 
re” It is suggested to retain the term “Water Table” only, for future work, and a *) 
— 
— 


> 


It is suggested to delete the term “ ‘Horizon” and to | place | “Soil Horizon’ ai 


- Placing this term and its definition le the letter «A, as stated above, 


this term and its definition ender: the as stated 


Placing this term and its definition under the letter above, = 


is suggested to use the “notation” “i lly, for future work 
Excess Hydrostatic Pressure (Hydrostatic Pressure) 
= vieg It is suggested to use the term “Excess Hydrostatic Pressure” oo the « “n0- 
7 tation” “u” only, for all future work. It is further suggested to place this _ 
4 worm 1 under the letter “E”. The reader is referred to the manera under i 


218 _ Use of the term “Hygroscopic Coefficient” and the “notation” “Wh” oy: is 


to use the “notation” “ future w work. 


It is suggested to omit the second term e work, as as stated 


Laminar Flow Flow (Stream Line Flow) (Viscous Flow) 


to the term “Laminar Flow” for | future 


It is suggested to place the definition here. 


"Line Seepage Line) (Phreatic Line Line) 


It is suggested to use the third term only, f term only, om all future work, enable it is 

me the only term that fits the e definition, and to list it, t together with its anid: 

under the letter ti 


ie is proposed to use the | “notation? | “LE” instead of — met in 


is use “LL” only, , for all future work. ye 


Liquidity Index (Water-1 Plasticity Ratio) (Relative Water 
It is suggested to use the first term and the “notation” “LI” only, is pro- 


is te to in the definition that i iti is a a portion of 


at t 
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Modulus of Elasticity (Modulus of Deformation) 
we ‘It is suggested to use the term “Modulus of Deformation” and the “notation” [ 
s _“M” only, for all future work, because few soils perform elastically and then 
- only under certain conditions. This idea would eliminate one more term and | 
one more “notation”. It is further Suggested to omit the idea of a secant be- . * 


cause a certain modulus of deformation is generally good for only « one point on on anil 


= term has been discussed under \der “Coefficient 0 of Subgrade Reaction”. | (CS 

_ This term has been discussed under “Coefficient of Volume Coalipciielinne- - 
, It is suggested to use this term only, for all future work. 


? ~ As discussed and explained before, the ee much | prefers theterm 
- *Moisture Content” over “Water Content” for soils. It is suggested to econ 
ib term “water cc content”, sere. it appears, to the term eeteinre content”. 
It is suggested to delete this for future 4 


Moisture Density Test 
It is suggested to delete this term, future work. ei 
is suggested to de to delete | this future work. 
at 


This term has been discussed under the letter 


‘This tern term has the — 
Neutral Stress and Normal Stress 


‘also the terms neutral pressure and normal pressure be inserted here and 


that they all be here and their “notations” given. 
Optimum Moisture Content (Optimum Water Content) 
_ The writer much prefers the term “Optimum Moisture Content” for reasons 
| stated before and suggests to delete the second term, for all future work. t 
is further ‘suggested to use the “notation” “OMC” only, for future work, be- _ 
cause os OF Wo could be mistaken for original weight or original in 


Organi 


set a lower limit on it, a certain of: the dry weight. 


q _ What me been stated under “Organ Clay” pertains to this term 
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= _ What has ties stated under “Organic Clay” goes for this term also. 
is to insert this here v with its definition and “notation” 
It is suggested to give the definition and the “notation” here, or to repeat 
“them here, so that a person does not have to go all the way back to “Earth —s 
a Pressure”, as it stands now, to find what he is looking for. This has been 


stated before under “Earth Pressure” = 


— 


‘Penetration Resistance (Standard (Proctor Penetration 


4 ha ‘It is suggested to use the first t term and the “notation” PR only, for future 
work, and to re- arrange and “c” to the effect that comes first 
; last, because the term was probably originated by Proctor. q 
Penetration Resistance Curve (Proctor Penetration Curve) 


is suggested to delete the second term, for future work. 


This term was discussed under “Degree of 


Z 


It is suggested to eliminate tl the second t term, for future 


Permeability 


 tItis suggested to omit this term neti sufficient eee is is already 
ome under “Coefficient of of Permeability”. ios tev 


is to the def here, as discussed before under “Line 


It is ‘suggested to the defini here. 


It is suggested to place | the e definition here. facts, 


is suggested to add “Phreatic Surface”. doum, 


Tt is su ested to use the “notations” “PL” and “PI” onl for future work. 
Pore Pressure (Pore Water Pressure) 
=. is suggested to eliminate these terms and to use only the term “Neutral : 
Pressure” , and to place this term under “atrens* and the letter “S”. ar 


is suggested to use the term “Preconsolidation Pressure” for future | 


=. 
a is suggested to use the term “Pressure-Void Ratio Curve” ‘only, for utah 
work, because the term acca ened Curve” could mean any | kind of a 


curve. 
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Primary Consolidation (Primary Compression) Time : 
> ‘It is suggested to use the term “Primary Consolidation” ” only, for all future — 
work, and to place the definition here. | 

‘It is suggested to place the definition and the “notations” since 
definitions of “Principal Planes” are — here. 


iat It is suggested to omit this term. ‘The er is referred to i discussion - 4 
under “Compaction Curve”. It is noted that at present the term —— F. 
Compaction Curve” is not mentioned under “Compaction Curve”. we ae 7 


- It is is suggested to delete this his terhi. The reader isr referred to the dis- 
cussion under “Penetration Resistance Curve.” 


s&s is suggested to delete this term. | The reader is referred to the dis- 


 iTtis ‘suggested to delete this term m. The reader is referred to the dis- ap 
‘cussion under “Soil Profile’. 


It is suggested to place the definition ‘The is to the 
“discussion under “Filter”. 


g of Pavement (Pumping) 


j 


_ is suggested to delete tl this term, for future work. The reader is referred — 


to the discussion under “Liquidity Index”. an 
is proposed to m the “notation” “RI”. ei 


_ suggested to retain the term “Sensitivity Ratio” only, for future work, d 
and to list it, together with ; its “notation”, under the letter “S”. The “ no- teal 


--It is suggested to delete both these cm, The reader is s referred to the aa 


discussion under “Mohr Envelope”. 


i$ 
ition 
re 
t 
3 
— 
deleted. It is sufficiently defined under _ 
rm, for all future work. The reader is re- 
i 
‘a 
geested to delete this term, for future work. The reader is referred 
rk. 
ral 
future 
future 
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— if this term is ‘supposed to be the same as “silt”, : as is indicated under — 


the discussion under “Silt”. 


mm. size a 


the upper for Also, he suggests to change the to “Sand 
Sizes” and “particles of rock” to | “particles”, because, generally, it will never 


7 The writer prefers the term “Unit Saturated Weight”, 
for at least 30 years and can see no valid reason for the — ##$  » -° 


is suggested to place the definition here as follows: “A plot of 
weight | of a soil against its moisture content at 100 percent — 
reader is to the ‘discussion “Percent Saturation” 


econdar Consolidation | 
 tItis suggested t to only the first on for future work, and to lst th the 
here, as discussed under “Consolidation”. 
is suggested delete this term, for wae discussed under 


Shear Failure (Failure by 


nai It is ee to retain the first term aad for future work. 


Shear Stress Stress) (Tangential st Stress) Dore 


suggested to retain term “Shear Stress” and the “notation” 
only, for future work. 


alas 
aes The definition of this term has caused writer a good deal of trouble when 
7 - explaining it, defending it and using it , though not often. If this term and this” 


concept is to be retained in soil mechanics, ‘it is suggested to | express a, 


volume change as a percentage of the original 1 volume, for future work. This _ 


would bring it in line with the definition of the linear shrinkage. Also, ifthis 


es concept is to be retained, the “notation” “SR” is proposed for future work. cil 


Rarely has the writer had occasion to use this c this concept ai and | he is not aware of - 


It is suggested to delete these three terms. ™ reader is niaiiiooa to the 


ia} 


It is suggested to change to “Silt ss 
; x | 


a 


Sing! 
ig 
‘Slop 

q 
— 
| 

ferr 

"Soil 
I 
disc 
Soil 
I 
disc 
- 
di 
aisc 
wy 4 

Soi 

ist 

to 

A... not 

in 

Spe 

sy q 

| om 
4 use 

4 “ne 

i on] 

| 

| Sp 

Me: 
| pr 


= 
"DISCUSSION ON 


It is suggested to dispense with tis term 


It is suggested to teres and to ) define it as follows: 
between the of the soil or of a dam and the positive direction of x- 


~ it is suggested to delete the term “Earth”. . The reader is ec 


al 


a It is suggested to place the definition here. 
It is suggested to delete the term “profile”, for future The 


is referred to discussion under “Profile”. ty 


i. ~~ ‘It is sugg suggested to repeat the definition given under “Gradation” here. It is ye 
noted that the term “Soil” Texture has been used under ‘ “Gradation” . Ifquotes — 
are to be applied to the word ‘ “Soil” in some places should not not they | be applied =~ 
is to omit this term, standing all by itself. 


Specific Gravity of Solids 


tis suggested to use the “notation” “G” as in the past, and no other one. 
‘The writer fails to see why a capital letter without a subscript could not be 


Apparent Specific Gravity 
Itis suggested to state: Specific Gravity, and to use only the “a3 


tis suggested to state: Specific ves Bulk, and it is proposed to ee 
, the “notation” “G),” and to delete “Gr”, “Sp,” and the term “Specific cn 
Mass Gravity.” The writer considers this to be 2 another case bes coined terms 4 

which are seldom uses in soil mechanics. 


4 
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§Since two eminent men in soil have established two different sta- 
_ bility criteria, both of which have been used extensively, it is wellnigh im- ai q 
. possible to delete one of these at this stage. It is therefore suggested to list 
both and to give both equal weight, and to mention the name of the originator — 


we It is suggested to delete this term. 


It is suggested to delete this term. It only adds | to the confusion. : The 


reader ‘is referred to the discussion | under “Penetration Resistance”. te 
The “wat” inst instead of “Tw” is 


is suggested to delete this term, for future work. work. ‘Ther reader 

‘Tt is suggested to use the “notation” “6” only, for future work. Similarly, 

. - is suggested to use the “notation” “6” only, for the terms “Effective 
Stress” » “Effective Pressure ee “Intergranular Pressure ” and the ‘ “notation” 


It ‘proposed to add the term “Neutral Pressure” after ‘Neutral Stress”. 
jc is propos is proposed to add the term ww Pressure” and to use the “notation” 


‘Shear Stress (Shearing Stress) (Tangential Str stress) Sy 


' ne is suggested to delete this term here and to list it under “Shear Stress”. 
_ “The reader is referred to the discussion under “Shear Stress”. 


i It is suggested to delete this term, because it has ; already been eras care yy, 


‘care of under “Subgrade”. 


Te It is suggested to delete this term, — future work. The reader is referred d 


the under ““Consolidation-Time 


— SM 4 
a to the 
Time 
“Time 
where the 
Total 
unde: 
3 1 
Tria 
work 
Ultirz 
ofa 
‘ 
Unce 
‘| tatic 
‘the | 
to tl 
| 
ho 
4 moi 


— 


a 


Qa 


— 


It is is suggested to insert this term its 


Time eCurve 


suggested to delete this term, for work. ‘The render is sreferred 
to the discussion under “Consolidation-Time 


1 the “notation” for future work. ‘Also, it 


 Itis suggested te delete this here, as itis already well taken care of 


 Itis suggested to use ce one “ “notation”, for future work a and ‘the “notation” | 
“TI”, like “PI” is used for fon. index, is is proposed. 
Triaxial Shear Tes Test (Triaxial Compression Test 
It is is suggested to use the term “Triaxtal Compression Test” on: oniy, for for 1 future 


_ It is suggested to use only one “notation” for future work and it is — 


to use quit. The reader is referred to the discussion under “Bearing Capacity Pi 


to insert this term here and it is to use the “no- 


_ It is suggested to place the definition and the ‘ “notation” here and io delete — 
the term “Compressive Strength” in soil mechanics. 3. The reader is | referred 


Vnconsolidated-Undrained Test (Quick Test) 


It is suggested to delete the term “Quick for future work, and | to | use 


“UUT” for the unconsolidated- undrained triaxial compression test. The nebo A 
reader is referred to the discussions ~“Consolidated-Drained 
It is suggested to continue to use the term “Unit Dry Weight” and the fue zt 
tation” “fa” only, for future work. 


=“: is suggested to continue to use the term “Unit Saturated Weight”. The ee 
“notation” “ gs” ” is proposed. The writer fails to see the necessity for using Ls G 
‘more one le letter where just one will do, » wh en no is possible. A 


sta- | It is suggested to delete this term, for future work. The reader is referred — 
— 
suggested to multiply the vaiue oi “I” D sO that the formula Will alwayS ss oe 
y 
ion” 
on” 
— 


Ee Fie. It is suggested to continue the use of the term “Unit Buoyant Weig ht” and 
the “notation” “ is Proposed. — 
Wet Unit Weight (Mass Unit Te 
_ _ It is suggested to continue the use of the term “Unit Wet Weight” and the ; 
is proposed. The writer has difficulty to agree to waste the 
“4 “notation” “)” on the term “Unit Weight” because the concept “unit weight” 7 
by itself is eldom or never ‘used. Furthermore, it is iti to | to delete the 
term “Mass Unit Weight”, for future work. 
A Air Voids Unit Weight 
suggested to delete this term, its “notation” its 
future work, as ‘it is “unit saturated weight” for all practical 


16 _ It is suggested to place a . definition ey As it stands, the ‘contin ' is re- 4 
> a ferred to “Compression Curve” near the beginning of the glossary. From _ 
Ss there he is referred to “Pressure- Void Ratio Curve” in the last part oO the 

glossary. Once there, the reader does not find a definition. 


is wit this term, for future work, because all 


‘It is suggested to move this term in with all the ‘other “ Critical ” terms ie 
aa under the letter “C”. The reader is referred to the aero under “Critica 


suggested to retain the term “Volumetric Shrinkage” only, tor 
work and to change “expressed asa percentage of the ‘soil’ mass when dried” 
to “expressed as a percentage of the original volume” Also, the “notation” 


is suggested to “water” to for future work. The 

= referred the 11 under | “Compaction Curve”. 
Water- -Plasticity Ratio (Relative Water Content) (Liquidity Index) 
i ; _ It is suggested to retain the term “Liquidity Index” only, for future work, . 

‘ ea and to place it under the letter “L”. The reader is referred to discussion _ 


It is suggested to place the definition as follows: “Depths or ele- 
_ vations at which the pressure in the water is zero with respect to the atmos- — 


pheric Refe erence made to he discussion under “Free Water 


ig rece It is suggested to delete t this term as it is cialis taken care of under “Unit. 


= Weigh” and because a person is not apt to look under “Wet” when he is looking 
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Zero Air Voids Curve Curve) 


_ The term has been used for so many years that it would be difficult to dis- 


pense with it now. The writer would i prefer to use the term “Saturation Curve” 2 


Zero Air Voids Density (Zero Air Voids Unit it Weight) gr: 
It is suggested to delete these two terms, for all ible work, as they will F: 
be seldom or never needed. Reference is made to the aeneeenns under “Zero 


Air Voids Unit Weight”, =. 


4 The discussion of soil mechanics paper 1826 ends herewith, ptt 


As an. example of what might be accomplished by : simplification, the writer | ; 


| Proposes the “List of Terms and Notations”, which is basedonthe 
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AND "NOTATIONS" FOR USE IN SOIL MECHANICS 


| adhesion, Unit vid 
Air-Space Ratio 


ANlowable Dearing Value 
gllowable Pile Bearing Load 
Angle of External Friction 
Angle of Internal 


Angle of Obliquity — 
Poe 


Area of Influence of a Well” 


Area Ratio of a Sampler 


Bearing C Capacity of 


California Bearing Ratio 

Capillary | Head 

Cepillery Rise the 


Centrifuge Neisture ture 


Coefficient of | Compressibi- | 


ccf fic tent ons onsolidati on 


Coefficient of 


‘Pressure, Active 


on 


Term 
sure, at Rest 


«(Coefficient of Earth Pres- 


gure, Passive | 


at 


Friction 
Coefficient 


(Coefficient of Uniformity 

(Coefficient of Viscosity 
Coefficient of 

coefficient of of Velluns 


ap 


Consistency Index ~ 
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Consolidated-Drai ned 
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(Consol dated-Dratned 


ia 


ontact Pressure 
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— Continued 


Critical Void Ratio 


Discharge Velocity — 


Earth Pressure, Active, , Unit 

&§ Earth Pressure, Active, Total 

Earth Pressure, At Rest, , Unit 


A 


|Earth Pressure, Passive, Total 


Effective Drainage Porosity yi 


Effective 
Equivient D Diameter ee 


Excess Hydrostatic Pressure — 


Moisture Equivalent 


— 


Hydrostatic Pressure 
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__DISCUSSION 


inear Shrinkage 


mag Lim 


nd 


| of Deformation 


odulus of Subgrade R. Reaction| 
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iy 


| 
| f — 
ad Flow Value “ey 
iia 


Percent Consolidation 
Percent 


Plastic 
| Plasticity 
le 


Preconsolidation Preesure, 


Unit 


| 
Pressure, Unit 
ie” 
| Pressure, Total 


| Principal Stress, Major 


terme- 

dilate 
| Principal Stress, Minor deat 


Radius of Influence of a 


Densi v 


Safety Facter 
of 
Seepage Force 


tern 


Shrinkage Index leis 


‘Friction 


Specific Gravity, 
ecific Gravity, 
Specific Gravity, 
Specific Surface 


Notation 


Solids 


Stability 


Sticky Lintt 


Stress, effec » effec te 


Stress, normal of 


Stress, total 


| 
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[Ultimate Bearing Capacity, 
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‘4 


4 
Continued 
@ Penetration Resistance ,Tota 
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Ultimate ‘Bearing Capacity, 
— 


Unconfined Compression 


Unconsolidated-Undrained 
Direct Shear 

Unconsolidated-Undrained 4 
ession 

Unit Weight, 

Unit Weight, Effective 

Unit Weight, Saturated 
Unit Weight, of 
Unit Weight, Wet 
Uplift, Total « 


2. It is suggested that the list be checked na brought up-to. 
date after each International Soil Mechanics Conference. 
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AND CONSTRUCTION OF THE AMBUKLAO Ff ROCK F DAM* 


| 


os Fr RL LAWTON, 1 F. ASCE. —The authors have made a notable contribution a 
to the design and construction of rockfill dams with their treatment of of the the fae 


pe Having visited the site during the period of initial investigations, the sig- be Ni a 
nificance of the topographic c conditions and, toa Somewhat lesser degree, wil 
- geologic features was apparent. Thus the authors’ observations on the site 
geology are welcomed as a penetrating statement of the distinctive differences " 
between the geologic conditions quite commonly found at damsites in the a &g 
| tropics and in temperate regions. Justification for the paragraph “The geo- 
loge conditions at damsites in the tropics - - are more familiar” is abundant 
ly afforded by. Ambuklao geologic features well as those at many 
| ba The authors have taken full advantage of the topographic situation in 1 utiliz- » 
“ing the additional head of about 60 feet in connection with diversion through 
_ tunnel “C”, and perhaps more significantly in utilizing 180 feet additional _ 4 > 
gross head (with respect to the normal 505 feet) made possible by the 7200 * 
feet tail tunnel. Could this head have been developed any ether other wey at anything eS. 


"surface observations, it was concluded that tl the rock in the abutments and | in ff 
the river bed ‘was not 1 sufficiently strong to withstand the pressure which would 
be developed by any economically feasible type of concrete dam”. Foundation 
4 conditions and availability of economically-utilizable core and shell materials | 
are the two principal reasons rock and earthfill dams are likely to ) be more 

more widely used in tropical countries as well as 

_ The authors observe that “Except for the foundation of the | core, the exist- Ae 2 

river gravel was left in Could they state the approximate maxi-— 


of _ demonstrates the value of adequate tests on all components of a rock fill pe 4 


a fithough no reference thereto is apparent from the text, could the authors | 
_ advise if any a was made to determine the pore pressures in the three _ 


‘ 
1 
= 
4 
a 
— 
— 
a — 
— 
— 
ee | 1. Chf. Engr., Power Dept., Aluminium Laboratories, Ltd., Montreal, Canada. 4 g 


yw ce The design studies: which led to the use of a rockfill with vertical core 
rather than a sloping | one demonstrate clearly conditions which | may cometionng 
f _ be overlooked; i.e. length of seepage path due to increased contact area be- — 
é tween the core and the foundation, and increased loading on the contact rea 
: 7 with probable minimization of leakage at the contact. . Could the authors state 4 
fi ‘the relative weight given these two factors as compared with the saving in fl ; 
7 ‘The vertical settlement and downstream deflection have been most moder- 
ate, at less than 6 inches and about 3 inches respectively. How does the verti- 
cal settlement compare with that predicted from tests such as shown by 
oe ¥ It is to be hoped Nationa Power Corporation engineers will, in due « course, — 
ar _ make available to the profession continuing observations on performance - 7 


Me the outstanding Ambuklao rockfill dam and particularly on vertical settlement | 
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timely review of 
present position of done on the subj ect of the 
_ characteristics of peat. His paper demonstrates how much work remains to 
be done, and the many serious gaps in, and the sometimes | contradictory nature 
_ _He has taken a valuable first step towards a standardized nomenclature by 
including a glossary of terms. . Itis to be hoped that this paper will lead toa 
recommended code of practice for and site of the 
Mr. MacFarlane “might perhaps with profit have a little more 
the fact that peat is, in so many respects, ¢ quite different from other soil me- Se 
chanics materials. Even the simplest routine laboratory tests require modifi- x 
cation when testing peat. . For example, an analysis of the water contents of ait 
por 
samples of peat from a deposit will show widely varying g results unless a % 
correction is made for the inorganic content of the specimens, a minute quan 
Ss of which can exercise a profound effect on the water | content of f the whole. ete 
3 The negligible value of the submerged density of peat is unique and is pak 
very considerable practical importance in any study involving fluctuation of Ue 
the water-table level. Peat is influenced to a marked degree by its stratifi- 
cation in the field. . For instance, by comparing such properties as density, Mi a 
voids ratio, and water content of two specimens of similar peat subject to Pe 
slight variations of thickness of inorganic overburden , say within a range of 1' 
;. to 2", the effect of the variation in stratification may be clearly observed. — 
Thus the not uncommon practice of relating such properties of peat as water 


content or voids ratio to a peat type without reference tha effective stress 

Peat is almost unique in possessing a solids structure which is vastly 3 more — 
+ compressible than other cohesive materials. . Studies involving rates of defor- — 
_ mation of peat must therefore involve consideration of the quasi-viscous be- “ 
- havior « of the solids as well as the hydrodynamic phenomena of the interstitial > 


Wien ‘Thus an investigation of the effect of load on peat cannot be reported . 


Ce 


=F 


the form of a straightforward load-voids ratio relationship but must take the | 


time into account as shown on attached figure. Again this relationshipis 
subject to further correction to into account of of 
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2 a indicated by an abbreviation at the end of each Paper Number, ‘the symbols referring to: Air 
Transport (AT), City Planning (CP), Construction (CO), Engineering Mechanics (EM), Highway (HW), mee 
draulics (HY), Irrigation and Drainage (IR), Pipeline (PL), Power (PO), Sanitary Engineering (SA), So 
Mechanics and Foundations (SM), Structural (ST), Surveying and Mapping (SU), and Waterways and  Peaaef ‘ 
(ww), divisions. — Papers sponsored by the Department of Conditions of Practice are identified by the sym- 
bols (PP). For titles and order coupons, refer to the appropriate issue of “Civil Engineering.” Beginning — 

- with Volume 82 (January 1956) papers were published in Journals of the various Technical Divisions. To _ 
locate papers in the Journals, the symbols after the paper number are followed by a numeral designating 

the issue of a particular Journal in waich the paper appeared. For example, Paper 1859 is identified as 

1859 (HY) which indicates the that | the paper 3 is — i ed in t the seventh issue of the soureal of the — 
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DIVISION ACTIVITIES 


ta 


August, 195 


The French Organizing Committee for the Fifth International Conference 
| os Soil Mechanics and Foundation Engineering to be held in Paris aay t 1961 
oh s set the following subject ing for 
ont up the following grouping Se papers: 


Division 2 - Techniques of Field and Sampling wit 
_ Division 3 - Foundations of Grecures 


General Subjects and Foundations other 


her than Piles 


Division 5 - Earth ‘Pressure on and Tunnels 


Division 6 - Earth Dams, Slopes and Open ove 
-Divisi ion 7 - Problems not Dealt with in Divisions 1-6 


pice are In order that papers can be reviewed by the U. S. National Committee and 
sent to the French Committee for publication and distribution before the Con- 
ference, papers will hav prep near 


e to be prepared in the near future. Each person 
_ Wishing to submit a paper for publication in the proceedings of the Conference — 
.? a Bere send a statement of the contents of his proposed paper to the Secretary 
of the U. S. National Committee, 375 Park Avenue, Room 900 , ono or before | 
& tober 1, 1959. Also, he anid indicate the division in which the paper — eS 
‘As yet, the deadline for receipt of manuscripts by the French Organizing 
_ Committee has not been set. _ However, it appears likely that manuscripts 
have have to be in the aaa of the U. S. Secretary by about berry 1, 1960. — 
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_ The Highway Research Board of the National Academy of Sciences and the ree 
American Society of Civil Engineers, in 1 cooperation with the Academy 
Construction and Architecture, U.S.S.R. conducted four seminars in the United ed _ 
States during the month of June. Those meetings were held at Princeton, 
— Massachusetts Institute of Technology, ‘University of Dlinois and the University @: 
of California, at Berkeley. The purpose of the seminars were to exchange lessees 
soil mechanics and foundations information between the two countries via 
BY 7, - authorities in various fields. . Professors of soil mechanics and prominent — 


soils engineers in the region of each school were invited to the —— The 4 a ; q 


of the of Soil Mechanics and Foundation 
F Engineering of the USSR, specialist in the field of genreal soil me- — . 
_ chanics and of the soil mechanics of ES OEE ai 
. R. A. Tokar, corresponding member of ose Seay of Construction __ 
and Architecture of the USSR, director of the Institute of Foundations 
. M. M. Levkin, Chief Engineer, Department of Large Bridges. _— 
5. V. Gladyrevskiy, chief specialist of Gosstroy (State Construction 


=: 


Chairman, ‘Department of of Civil Engineering, Pr Princeton 


Executive Secretary, A American | Society ty of | civil il Engineers 

Academician I. M. “Litvinov 


Chairman, Soviet Delegation 


10:10 |A.M. Problems of Frozen Soil Mechanics o on En ineerin Practice 


| | 3 
ML. Litvinov, a SSR—chairman of t gthening of bases. 
> rainian e strengthening of bases 
2 _ Architecture of imental test sites and the strength ands 
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Professor A. R. Jumikis 


The State University of New 


Mr. Robert Philippe 
_U. S. Army Corps n neers 
Princeton Unive sit 
5 P.M. for Luncheon 


12: 2:30 1 P.M. be. "Luncheon, Conference Room B 


ver 
‘bes Professor G. P. Tschebotarioff, Luncheon 


Engineering Societies in the Yates fishes 
7 Executive Secretary, American of Civil Engineers 
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om Film: Vibratory Dri Driving of Pi Piles. and ‘Sheet Piles 


of the Soviet t Delegation 

2:40 P.M. Return to Woodrow Wilson Hal 
e urn row son 


Experiments with Vibrator Drivin proto for Bridge Con 


thw “t hief Engineer, Department of f Large Bridges, ‘U.LS.S. Bi. 
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M. Design n of Machine Foundations ms — 


Director, Institute of Foundations, Moscow, , U. Ss. s. 
_ 

Panel Discussion 


7, 
_ Director, Bureau of Engineering Research, ‘Rutgers, The State 
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Rutgers, The State University of New Jersey == | 


Mr. ‘stanley J. Johnson 
Moran, Procter, Mueser and Rutledge 


Professor Werner E. Schmid 


4:30 P.M. Adjourn 


Tschebotarioff acted as an interpreter. The exchange of ideas 
_ fruitful and stimulating and an air of good fellowship existed. ‘i adil a 


The eighth Conference of the Society Soil Mechanics an and 
ne dation Engineering held at Novi Sad from June 27—was engaged in hearing and 
mr si —— papers submitted by members of the Yugoslav Society dealing with 
re ae problems of common interest in the field of soil mechanics and foundation = 


2 : 

June 26) being in recreation 0 or visiting places 

"Copies: of the reports are available in Serbo- Croat, with summaries in ee 


English and French. desire a any ‘further please 
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